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PREFACE 


The first manual of air navigation published by the U. S. Navy Hydrographic 
Office related primarily to naval aviation. Its distribution was limited to the U. S. 
Navy. As interest in the subject increased, the material was revised in a form suitable 
for general distribution, and published in 1938 as a small clothbound book called 
Aircraft Navigation Manual, H. O. Pub. No. 213. A revised edition was published 
in 1941 as H. O. Pub. No. 216, with the same title. The material was prepared by 
officers on duty as ground school instructors at the Naval Air Station at Pensacola, 
Fla., using the course of instruction there as the basis for the book. It was arranged 
and edited by the U. S. Navy Hydrographic Office. 

During World War II a series of seven booklets called Air Navigation was prepared 
by the Training Division of the U. S. Navy Bureau of Aeronautics, and published for 
the Navy by the McGraw-Hill Book Co., Inc., as part of the Flight Preparation Train- 
ing Series. Following the war the Training Division was disbanded, and the Air 
Navigation material was turned over to the U. S. Navy Hydrographic Office. 

Following World War IT it became apparent that a requirement existed for a single, 
comprehensive book on air navigation, including appropriate material from the earlier 
publications, and information on the many new developments since these were written. 
The book should be suitable both as a textbook for the U. S. Navy, and as a reference 
book for air navigators generally. The present volume is an attempt to meet this 
requirement. ; 

It was prepared by the U.S. Navy Hydrographic Office, with generous assistance 
by personnel of the Naval School Preflight, Pensacola; Naval Training Command, 
Corpus Christi; U. S. Navy Bureau of Aeronautics; U. S. Air Force; and various 
civilian airlines and manufacturers. 
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PREFACE TO THE 1963 CORRECTED PRINT 


This 1963 corrected print has presented the opportunity to incorporate new and 
timely information. Adoption by the United States of new equivalents for length and 
mass and of new values for absolute zero necessitated a major revision of Appendix C. 
Minor corrections to the text resulting from these changes have been made. Hydro- 
graphic Office publication numbers now conform to the numbering system in use since 
1960. Appendix A, Government Publications, has been brought up-to-date with cur- 
rent titles and publication numbers. The sections relating to chart coverage, doppler 
radar navigation systems, and the use of Polaris correction tables have been rewritten. 
New material on tacan air navigation has been added. The Beaufort wind scale and 
the electromagnetic spectrum tables have been revised. 

Minor errors throughout the text have been corrected. Editorial changes have 
provided clarification of certain parts of the text and some illustrations have been 
modified to present information more clearly. All appendixes now carry their alpha- 
betical designation at the top of each page. 

For practical navigation, the additions, corrections, and revisions incorporated in 
this print are not considered to be of sufficient scope and magnitude to necessitate 
replacement of the 1955 printing. 
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CHAPTER I 
EARTH AND ITS COORDINATES 


101. Basic concepts.—Any purposeful movement in the universe ultimately 
involves an intention to proceed to a definite point, and navigation is the business of 
proceeding in such a manner as to arrive at that point. Air navigation is defined, for- 
mally, as the process of directing the movement of an aircraft from one point to another. 

The function of air navigation is primarily to determine the direction necessary to 
accomplish the intended flight, locate positions, and measure distance and time as 
means to that end. In this book the phrase “‘air navigation” sbould be understood to 
refer to motion above the surface of the earth, whether within or beyond the atmosphere. 

Four of the terms used above deserve immediate definition: 

Position is a point defined by stated or implied coordinates. This term is fre- 
quently qualified by such adjectives as ‘‘estimated,’”’ “dead reckoning,” ‘‘no wind,” 
etc., whose meanings will be explained in their proper places. But however qualified, 
the word “position” always refers to some place which can be identified. One of 
the basic problems of the navigator is that of ‘fixing his position’? because unless he 
knows where he is, he frequently cannot know how to ‘direct the movement of his 
craft’’ to its intended destination. 

Direction is the position of one point in space relative to another without reference 
to the distance between them. Direction may be either three-dimensional or two- 
dimensional, the horizontal being the usual plane of the latter. For example, the 
direction of San Francisco from New York is approximately west (two-dimensional) ; 
while the direction of an aircraft from an observer on the ground may be west and 20° 
above the horizontal (three-dimensional). Direction is not itself an angle (e. g., the 
direction east) but it is often measured in terms of its angular distance from a reference 
direction. 

Distance is the spatial separation between two points and is measured by the 
length of a line joining them. This seems understandable enough. Suppose, however, 
that the two points are on opposite sides of a baseball. How is the line to be drawn? 
Does it run through the center of the ball, or around the surface? If the latter, what 
path does it follow? It is clear that the term “distance” as used in navigation must 
be qualified to indicate how the distance is to be measured. The shortest distance on 
the earth’s surface from NAS San Dicgo to Sydney, Australia, is 6,530 miles, but via 
Honolulu and Guam, a frequently used route, it is 8,602 miles. And, of course, the length 
of the chosen line could be expressed in various units, as miles, kilometers, yards. 

Time has many definitions, but those used in navigation consist mainly of two; 
(a) the hour of the day, and (b) an elapsed interval. The first is used to designate a 
definite instant, as ‘“Take-off time is 0215”. The second definition is used to indicate 
an interval, as “Time of flight, 2 hours 15 minutes’, Fuller consideration will be 
given this subject later. 

The methods of expressing position, direction, distance, and time will be explained 
I appropriate chapters. However, it is desired here to emphasize that these terms, 
and others similar to them, represent definite quantities or conditions which may be 
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measured in several different ways. An aircraft may at once be “‘over the range station 
at 10,000,” or at a certain “latitude and longitude’’, or ‘5 miles north of the field.’”’ 
Its position is the same but the means of expressing it are different. Time expressed 
in different figures as ‘‘standard” or ‘‘daylight saving” or ‘‘sidereal”’ may still refer 
to the same instant. Distance and direction may also be measured and expressed 
in various units. Much of the study of navigation is devoted to learning how to 
measure quantities such as those just defined and how to apply the units by which 
they are expressed. 

102. Earth’s size and shape.—That the earth is round, no longer needs elaborate 
proof, but that it is not a perfect sphere is even more obvious. The highest known 
mountain, Mt. Everest in Asia, is approximately 29,000 feet high, while the deepest 
known water, the Challenger Deep, off the Caroline Islands, is 35,640 feet deep; a total 
range of more than 12 miles. 

Consider figure 102, in which P,, EZ, P,, W represents the surface of the earth at 

sea level, and P,P, is the axis of rotation, 
Ph being in the planeof the paper. The earth’s 
rotation is such that all points in the hem- 
isphere P, WP, approach the reader, while 
those in the opposite hemisphere recede 
from him. The extremities of the axis, 
points P, and P,, are the north and south 
poles, respectively. An observer on the 
surface of the earth and facing in the direc- 
tion of rotation, will have the north pole 
on his left, east in front of him, the south 
pole on his right, and west behind him. 
The circumference WE is called the equa- 
tor, which is defined as that circle on the 
surface of the earth whose plane passes 
through the center of the earth and is per- 
pendicular to the axis of rotation. 

The earth’s equatorial diameter is ap- 
Figure 102.—Schematic representation of earth proximately 6,887.91 nautical miles and 

showing axis of rotation and equator. the polar diameter, 6,864.57 nautical miles. 

The difference between the two diameters, 
23.34 miles, measures the ellipticity of the earth or, as it is sometimes expressed: 





Ellipticity (compression) =5 7. 6; =a (approximately) 
887. 


Since the equatorial diameter exceeds the polar diameter by only 1 part in 295, the 
earth is nearly spherical. A symmetrical body having the same dimensions and _ ellip- 
ticity as the earth, but having a smooth surface is called an oblate spheroid or ellipsoid of 
revolution. For most navigational purposes, the earth is assumed to be a perfect sphere, 
which is defined as a body bounded by a surface all points of which are equidistant from 
@ point within called the center. 

103. Great circles and small circles.—The intersection of a sphere and a plane 1s @ 
circle, a great circle if the plane passes through the center of the sphere, and a small 
circle if it does not. 
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FicureE 104a.—The equator is a great circle 
whose plane is perpendicular to the axis. 
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Ficure 104b.—The plane of a parallel is 
parallel to the equator. 


104. Parallels and meridians.—As indicated in figure 104a, the earth’s equator is a 
great circle. Ifa second plane, figure 104b, is passed through the earth parallel to the 
equator, the intersection of this plane and the surface of the earth is a small circle. 
Small circles need not have planes which are perpendicular to the axis, but if they are 
perpendicular, then all points on the small circle are equidistant from the equator; that 
is, the circles are parallel to the equator. Such small circles, together with the equator, 
are called parallels and provide one component of a system of geographical co- 


ordinates. 


Now suppose that planes are passed through the earth’s poles, as in figure 104c. 


Such planes contain the axis, and since 
they also contain the center, they form 
great circles at the surface. Great circles 
through the poles of the earth are called 
meridians. All meridians are perpendicu- 
lar to the equator. That half ofa meridian, 
terminated by the poles, and which con- 
tains a given position, is the upper branch 
of the meridian at that position; the other 
half is its lower branch. The word ‘‘merid- 
ian’’ is usually understood to mean the 
upper branch unless the lower branch is 
specifically designated. Meridians form 
the second component of asystem of geo- 
graphical coordinates commonly used by 
navigators. 

105. Latitude and longitude.—The fa- 
miliar geographic graticule consists of par- 
allels and meridians. Any point on earth 
can be identified by the intersection of a 
parallel and a meridian, just as it is pos- 
sible to designate an address as ‘‘at the 
corner of Fourteenth Street and Seventh 
Avenue’’—that is, if some unambiguous 
method can be found for identifying the 


parallels and meridians. 
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FicurE 104c.—Great circles through the 
poles form meridians. 
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For measurement purposes, the circumference of a circle is usually divided into 360 
units called degrees, and the same unit is used to measure an angle. In figure 105a, the 
circumference QP,Q’P, represents a meridian, QQ’ the 
equator whose plane passes through O, the center, and 
P,,P,, the axis of rotation. Let M be some position on 
the meridian and north of the equator. The number of 
degrees in the shorter are (portion of the circumference) 
QM is the measure of angle QOM. If arc QM is 30° 
(° indicates degrees), then angle QOM is 30°. In other 
words, a central angle is measured by its subtended are. 

Let MM’ be the plane of a small circle parallel to 
QQ’, the equator. Then arc QM measures the distance 
of any point on MM’ from the equator. In other words, 
WiGune 10Sh.—Tanende atu the whole parallel 4ZA/’ can be described by saying that 

is angle QOM or arc QM. it is 30° north of the equator. Similarly, any point on 

NN’ can be said to be 45° south of the equator. The 
angular distance of a position north or south of the equator is called its latitude. Lati- 
tude is measured northward or southward through 90° and labeled N or S to indicate 
the direction of measurement. If the fact that the earth is not exactly a sphere is 
neglected, the latitude may be expressed in terms either of the angle at the center, 
QOM in figure 105a, or what is numerically the same, of meridional arc QM. Latitude, 
then, is the north-south geographical coordinate. 

The east-west geographical coordinate is called longitude, which is defined as (1) 
the arc of the equator or a parallel, (2) the angle at the pole, (3) the angle at the center, 
between the planes of the prime meridian and the meridian of a point on earth, measured 
eastward or westward from the prime meridian through 180°, and labeled E or W to 
indicate the direction of measurement. 

Just as latitude is measured from a standard great circle, the equator, so is it neces- 
sary to adopt a standard great circle, a meridian, as the origin of longitude measure- 
ments. The standard meridian is called the prime meridian. By international agree- 
ment (Washington, 1884), the meridian through the Greenwich Observatory, near 
London, England, was adopted, and has since been used by most nations as the prime 
meridian of 0° longitude. Following World War II the observatory was moved several 
miles farther from the center of the expanding city, but the location of the prime 
meridian was not altered. 

Figure 105b represents the earth with QQ’ the equator, its plane passing through 
the center, 0. G is the position of Greenwich and M a position in north latitude west of 
Greenwich. P,M’ and P,G’ are portions of the meridians through Af and G intersecting 
the equator at M’ and G’. The longitude of AZ is (1) the arc of the equator G’M’, (2) 
the dihedral angle (an angle formed by the intersection of two planes) GP,A\1 formed by 
the meridional planes through G and Af, and (3) the angle G’OAL’ formed at the center 
between the radii through G’ and AZ’. Each of these expressions should be recognized 
as measuring the same coordinate, longitude. . 

The longitude of a position is further described as being east or west of Greenwich. 
In figure 105b, the longitude of AL is west; the longitude of N is east. It should be 
apparent from the figure that longitude cast or west cannot exceed 180°. 

A degree may be subdivided into smaller units as in the decimal system. However, 
the more common method of subdivision is to divide each degree into (1) 60 minutes (’) 
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FicurE 105b.—Longitude is measured between meridians. 


of 60 seconds (’’) each, extending each second to as many decimal places as desired, or 
(2) 60 minutes and tenths of minutes. Using these divisions, if an arc of a circle is, for 
example, exactly 37°, fractions of that arc could be expressed as follows: 


Fraction of 37° Value to 0°001 Value to 011 
yy 18°30’007000 18°30/0 
yo 5°17'087571 5°17/1 


To convert minutes or seconds into decimals of degrees or minutes, divide by 6. 


Thus: 
15°30’ =15°5 15°32’59’'=15°5 


15°30’24’’ =15°30°4 15°33’01’’=15°6 


A value should not be expressed to a precision greater than that of the least 
precise measurement from which it is derived. For example, if the amount of gasoline 
pumped into the tanks of an aircraft being refueled is measured to the nearest gallon, the 
quantity on board cannot accurately be expressed in quarts, regardless of the accuracy 
to which the original quantity on board is known. Some number of quarts could be 
stated without difficulty, but such an expression would give a false impression of 
accuracy. In air navigation most angular values are usually given to the nearest whole 
minute of arc, a value of more than 0/5 being recorded as the next higher minute. If 
the number to be rounded off ends in 0'5 exactly, the number is, by convention, in- 
creased or decreased to the adjacent even unit. Thus: 


14/51 becomes 15’ - 14°49 becomes 14’ 
14/50 becomes 14’ 13/50 becomes 14’ 
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If there is doubt as to the decimal being exactly 5, the computation should be carried to 
one additional decimal place. Any surface position can be described to as high a degree 
of precision as desired by stating its latitude and longitude. Thus the location of point 
M, figure 105b, might be identified as follows: 


Point M (to 07001) Point M (to 1’) 
lat. 30°14'58*600N L 30°15’N 
long. 64°22'137000W » 64°22’W 


Note that latitude is abbreviated lat. or L and longitude, long. or \ (the Greek letter 
lambda). Be careful always to label latitude N or S and longitude E or W. 

106. Difference of latitude and longitude.—In certain navigational problems it is 
necessary to know how far apart two positions are in latitude and longitude. Difference 
of latitude (1) between two positions is the angular length of the arc of a meridian be- 
tween the parallels containing the two positions. For two positions on the same side of 
the equator, / is the difference in the respective latitudes. If the two positions are on 
opposite sides of the equator, / is the numerical sum of the two latitudes. 

In figure 106a, the latitude of A is 20° N and the latitude of B is 40° N. The 
difference of latitude, J, is 40°—20°=20°. If the latitude of C is 15° S, the difference 
of latitude between A and C is 20°+15°=35°. Difference of latitude may be labeled 
N or S if necessary to indicate direction. 

The expression mid latitude (Lm), occasionally used in navigation, is defined 
as the mean of two latitudes on the same side of the equator. Thus the mid latitude of 
points A and 8 in figure 106a is 30°N. If the two points are on opposite sides of the 
equator the expression is rarely applicable, the computation usually requiring the mid 
latitudes between the equator and each of the points. 





FicureE 106a.— Difference of latitude between A and B is 20°; between A and C is 35°. 


Difference of longitude (DLo) between two positions is the shorter arc of the 
equator included between the meridians containing the positions. If the positions are 
both in east longitude or both in west longitude, DLo is the difference in the respective 
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longitudes. If the two positions have dif- 
ferent names, DLo is the numerical sum of 
the two longitudes. However, if the sum 
is greater than 180°, DLo is 360° minus 
the sum. 

In figure 106b, the circle represents 
the equator as viewed from the north pole 
(P,). Such a diagram is called a projection 
on the plane of the equator. The line Gg 
is the meridian of Greenwich, the lower 
branch being shown as a broken line. East 
and west directions are as indicated by the 
arrows. The radii A, B, and C are the me- 
ridians containing three points A, 15° W; 
B, 150° W; and C, 60° E. The longitudes 
of A, B, and C are, respectively, the arcs 
GA (west), GB (west), and GC (east). 





Figure 106b.—North polar diagram showing me- 


The differences of longitude are as ridians. DLo (A to B) is 135°; A to C, 75°; 
shown in the following table: B to C, 150°. 
Between DLo 
Aand B GB minus GA=150°—15° = 155° 
AandC GA plus GC=15°+60° et 


Band C 360° minus (G@B+ GC) =360°—210°= 150° 


Note that DLo must be less than 180°, otherwise it would not be the shorter arc of the 
equator. DLo may be labeled E or W if necessary to indicate direction. 

107. Direction.—It should be remembered that direction is the position of one 
point in space relative to another without reference to the distance between them. 
The basic system of indicating direction, which has served for hundreds of years and is 
still frequently used, is illustrated in figure 107a. Its primary directions are north (N), 
east (EK), south (S), and west (W), which are called cardinal points. The north and 
south points of this system are in the meridian, and the east and west points are 90° 
distant from each of these points. The directions midway between the cardinal points 
are called intercardinal points, named northeast (NE), northwest (NW), southeast (SE), 
and southwest (SW). The directions midway between the cardinal points and the 
adjacent intercardinals are named north-northeast (NNE), east-northeast (ENE), 
east-southeast (ESE), etc., as indicated in figure 107a, resulting in named directions 
being 225° apart. Still other points are named, but these are not customarily used by 
the air navigator. However, he should be thoroughly familiar with the terms shown 
in figure 107a because wind direction, vital to air navigation, is frequently stated in 
terms of this system. Moreover, this nomenclature is useful to indicate approximate 
directions. 


ELrample.— 


(1) In what direction is the aircraft shown in figure 107a pointed? (Ans. 


northwest.) 


(2) If the aircraft makes a 90° turn to the right, what will be its direction? (Ans. 


northeast.) 
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FicurE 107a.—Direction nomenclature, showing the principal “points of the compass”’ (abbrevi- 
ated) and the cardinal and intercardinal points in the numerical system. 


(3) If the aircraft shown in the figure starts a turn to the left at 3° per second, in 
what direction will it be pointed after 15 seconds; after 1 minute; after 1 minute, 
30 seconds; after 2 minutes? (Ans. west, southeast, northeast, northwest.) 

The time-honored point system for specifying a direction is not adequate for 
modern navigation. Even though the subdivision is carried much further than shown 
in figure 107a, the nomenclature is cumbersome and may easily be misunderstood over 
voice radio. It has been replaced for most purposes by a numerical system which is 
simpler, more logical, and less likely to cause confusion. 

The numerical system divides the horizon into 360°. Starting with north as 000°, 
and continuing clockwise through east, south, and west, directions are expressed in 
degrees measured from north, through 360°. The meridian of the place intersects the 
horizon at 000° and 180°; east is 090° and west is 270°, as indicated in figure 107a. 
In the numerical system, directions are expressed as a three-digit group; thus 4° would 
be written 004° and spoken, ‘‘zero zero four degrees.”’ 

Figure 107b, similar to figure 107a, illustrates the numerical system. The circle, 
called a compass rose, represents the horizon divided into 360°. The nearly vertical 
lines are meridians drawn as straight lines with the meridian of position A passing 
through 000° and 180°. Two positions, B and C, are shown outside the circle. 

Exam ple.— 

(1) In what direction is the aircraft pointed? (Ans. 110°.) 

(2) What is the direction of B from A? (Ans. 062°.) 

(3) What is the direction from A to C? (Ans. 295°.) 

(4) The aircraft turns 19° to the left. In what direction is it pointed? (Ans. 091°.) 

(5) How many degrees more must the aircraft turn left following the 19° left turn, 
to point toward B, assuming its position does not change? (Ans. 29°.) 

A line extends in two directions which, in navigation, are said to be reciprocals of 
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FicurE 107b.—The numerical system is customarily used in air navigation. 


each other. Thus, when a line extends east and west, east (090°) is the reciprocal 
direction to west (270°). In measuring and expressing directions, one should be care- 
ful to avoid using the reciprocal of the desired direction. In the numerical system, the 
directions of reciprocals differ by 180°. 

The importance of direction in navigation can hardly be overstressed. The fol- 
lowing general comments should be carefully noted, (a) and (c) referring particularly 
to the modern numerical system of indicating direction: 

(a) The directicn of a line must be referred to something.—Generally, that something 
is the earth’s meridian, but it is sometimes more convenient to use other points of 
reference, such as the magnetic meridian (art. 409) or the nose of the aircraft. In 
this book, and generally in navigation, all directions, unless otherwise indicated, are 
referred to the northern part of the geographical meridian and are called true (T) 
directions. 

(6) A line by itself does not indicate a single direction; which must be shown in 
some other way, as by an arrowhead or label. In solving navigational problems in- 
volving direction, the student should have a clear idea of the relationships described, 
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noting particularly the use of the words ‘‘from” and ‘‘to’”’. Thus, in the example, (3) 
asked, ‘‘What is the direction from A to C?” This is not the same as ‘What is the 
direction to A from C?”’. 

(c) The true direction of a line at any point on earth is measured by the angle the 
line makes with the meridian of that point. If, in figure 107b, the direction from C to A 
is required, it could not be determined directly from the compass rose shown. Direc- 
tions from C are measured at C. Of course, if the meridians had been drawn as straight, 
parallel lines, as on some charts, the direction of a straight line might be measured at 
any point, as at A. Except in special cases, direction of a line is applicable only at the 
point of measurement. 

(2) Many experienced navigators have developed a kind of sixth sense, some- 
times called ‘‘sense of direction.’”’ Actually it is more of an awareness of direction, or 
consciousness of orientation, which can be developed by frequently asking oneself 
such questions as, ‘‘Which way is north?” ‘In which direction am I facing?” ‘‘Where 
is — from here?”’ 

Since determination of direction is probably the most important part of the navi- 
gator’s work, the various terms involving direction should be clearly understood. The 
discussion of the following terms relates to the modern numerical system of indicating 
directions. 

Course is the intended horizontal direction of travel. Suppose, for example, 
that the direction of NAS Jacksonville from NAS Pensacola is east—the intended 
direction of flight. Because of wind conditions after take-off, the aircraft might not be 
headed straight toward Jacksonville, but somewhat to one side. No matter how the 
aircraft is headed, the course (the intended direction) is still east. 

Heading is the horizontal direction in which an aircraft is pointed. The example 
given above shows the distinction between course and heading. Heading is the actual 
orientation of the longitudinal axis of the aircraft at any instant, while course is the 
direction intended to be made good. 

Bearing is the horizontal direction of one terrestrial point from another. In figure 
107c, the direction of the island from the aircraft is marked by the line of sight (a visual 
bearing). The direction of propagation of a radio wave can be determined by a radio 
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Ficure 107c.—A bearing is usually referred to one of two reference directions. 
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direction finder. Bearings are usually expressed in terms of either of two reference 
directions; (a) true north, and (6) the direction in which the aircraft is pointed. 
If true north is the reference direction, the bearing is called a true bearing. If the 
reference direction is the heading of the aircraft, the bearing is called a relative bearing. 
As shown in figure 107d, the true bearing of the island is 045°, and the relative 
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Ficure 107d.—True bearings are measured from true north; relative bearings from heading. 


bearing 090°. The true bearing of the radio station is 260° and the relative bearing 
is 305°. Note that the bearing of a radio station is the reciprocal of the direction of 
propagation of the radio wave. 

If a bearing is obtained by radio it is called a radio bearing; if visually, a visual 
bearing. Thus, the direction between two objects on (or near) the surface of the 
earth can be described concisely by saying, ‘“The (radio, visual) bearing of A from B 
is X° (relative, true).’”’ Some of the methods of handling directional information will 
be discussed in chapter IX. 

108. Distance.— Distance as defined above is measured by the length of a line 
joining two points. The most common unit used for measuring distances in navigation 
is the mile, but since miles have various lengths, one should be careful to specify which 
mile is meant, if there is any reasonable doubt. 

The word “mile” is derived from the Latin word ‘mille’ (thousand) and was used 
because the original mile was 1,000 paces of a Roman soldier. In the United States, 
1 mile has been defined by statute to be 1,760 yards, or 5,280 feet. This is called a 
U. S. statute mile (m). There are some differences in the statutory definitions in other 
countries. 

The statute mile is used principally on land, and the scale of most maps of land 
areas is expressed in this unit. With the growth of cross-country flying, better avia- 
tion charts were developed, but the statute mile scale was carried over. Such charts 
are still frequently encountered. 

Navigators of military aircraft use the nautical mile (M) as a distance unit. Effec- 
tive 1 July 1959, the United States adopted the international nautical mile of 1,852 
meters exactly (1 yard=0.9144 meter). The length of the international nautical mile 
is consequently equal to 6,076.11549 U. S. feet (approximately). The nautical mile 

691-651°—63-—2 
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had previously been defined in the United States as the length of 1 minute of arc of a 
great circle on a sphere having an area equal to that of the earth (6,080.20 U. S. feet). 
The difference between the present length of the nautical mile and the previous length 
(4.1 feet) is negligible in practical navigation. 

A nautical mile is sometimes erroneously defined as being 1 minute of the arc of 
the equator of the earth. This unit is properly called a geographical mile, which is 
approximately 6,087.08 feet long. For most practical navigational purposes all of the 
following units are used interchangeably as the equivalent of one nautical mile: 

(1) 1,852 meters (6,076.11549 feet approximately). 

(2) One minute of the arc of a great circle on a sphere having an'‘arca equal to 
that of the earth. 

(3) One minute of the arc of the earth’s equator (geographical mile). 

(4) One minute of the arc of an earth’s meridian (cquivalent to 1 minute of 
latitude). 

(5) Two thousand yards (for short distances). 

The nautical mile, rather than the statute mile, is now the standard unit for ex- 
pressing distance in air navigation. The speed, and other appropriate indicators of 
all naval aircraft, are calibrated to reflect nautical miles instead of statute miles. How- 
ever, it is sometimes necessary to interconvert statute and nautical miles. This con- 
version is easily made by applying the following ratio: 

In a given distance: 

Number of statute miles 76 


Number of nautical miles 66 


Specd is usually expressed in miles per hour. If the measure of distance is nautical 
miles, it is customary to speak of speed in terms of knots. Thus, a speed of 150 knots, 
and a speed of 150 nautical miles per hour are the same. It is incorrect to say ‘150 
knots per hour,” unless referring to acceleration. 

Example.— 

(1) Point Option is 340 statute miles from base. What is the distance in nautical 
miles? (Ans. 295.) 

(2) At a speed of 150 statute miles per hour over the ground, how long will it 
take an aircraft to fly 726 statute miles? (Ans. 290 minutes=4"50™.) 

Differences of latitude and longitude, explained in article 106, are usually expressed 
in arc units; that is, in degrees and minutes. These differences can also be stated in 
terms of miles, since 1 minute of latitude is considered equal to 1 nautical mile. The 
number of minutes of arc between the latitudes of two positions is considered equal to 
the number of miles between the two parallels. 

Erample.—An aircraft in lat. 31928’ N, long. 60°47’ W is directed to proceed to 
lat. 28°00’ N, long. 60°47’ W and then to search for wreckage eastward along the 28th 
parallel to long. 56°30’ W. 

Required.— 

(1) How far must the aircraft fly before starting the search? 

(2) How far must it fly during the search? 

Solution (fig. 108).— 


L 31°28/ N 3°=180 ml. 
La 28°00’ N 28’= 28 mi. 
l 3°28’ 8S 


— 208 miles (Ans.) Total 208 mi. 
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It is just as easy to compute the difference of longitude in arc units. Thus, on the 
search leg of the above example, 


A, 60°47’ W 
Az 56°30’ W 
DLo 4°17’ EB 


=257 minutes of longitude. 

But it is not as easy to find the number of miles on the search leg, because a minute 
of longitude is not equal to a nautical mile 
except at the equator. The usual solution 
is to plot the start and finish of the search 
leg on a chart and measure the distance 
with dividers. If this is done (fig. 108), it 
will be found that the distance is 227 miles. 
This east-west distance is called departure 
(p), defined as the distance between two 
meridians at any given parallel of latitude, 
expressed in nautical miles. In the ex- 
ample, at the latitude given (28° N) the 
DLo of 257 minutes is equal to a depar- Ficure 108.—Departure is number of nautical 
ture of 227 miles. Since the meridians miles in the arc of a parallel of latitude be- 

. . tween two meridians. 
converge (see fig. 106a) as latitude in- 
creases, the relationship between DLo and 7 is not constant. The number of miles in 
one degree of longitude at lat, 28° N is 53.1, and at various other latitudes is shown in 
the following table: 





Nautical miles in 1 


Latitude degree of longitude 
20° 56.5 
40° 46.1 
60° 30.1 
80° 10.5 


Departure is occasionally required in marine navigation, but its use as such in air 
navigation is rare, customarily being treated as any other distance. It can be found 
graphically, by formula, or by table 3, Bowditch. 

109. Great-circle course and distance.—Just as the shortest distance between two 
points in a plane is the length of a straight line joining those points, so the shortest 
distance between two points on the surface of a sphere is the length of the shorter arc 
of a great circle whose plane includes the points. 

In figure 109a, let A and B be two points on the surface of the earth, and suppose a 
plane to be passed through the center of the earth and the two points. The circum- 
ference of the cross section is a great circle. The very shortest distance between A 
and B is the length of the straight line 1 in the plane through the earth. The shortest 
distance between A and B on the surface of the earth (assuming it to be a sphere) is 
the length of the curve 2, along the great circle. 

If a map of the region between A and B were drawn, it might appear as in figure 
109b. Note that the great circle AB crosses each meridian at a different angle. Great- 
circle courses and distances are treated in greater detail in chapter XVII. However, 
it is desirable to emphasize here (1) that the great circle route is shorter than any other 
route between two points, and (2) that the direction (angle with a meridian) of all great 
circles, except a meridian or the equator, changes with longitude. 
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It is just as easy to compute the difference of longitude in arc units. Thus, on the 
search leg of the above example, 


A, 60°47’ W 
Az 56°30’ W 
DLo 4°17’ E 


= 257 minutes of longitude. 

But it is not as easy to find the number of miles on the search leg, because a minute 
of longitude is not equal to a nautical mile 
except at the equator. The usual solution 
is to plot the start and finish of the search 
leg on a chart and measure the distance 
with dividers. If this is done (fig. 108), it 
will be found that the distance is 227 miles. 
This east-west distance is called departure 
(p), defined as the distance between two 
meridians at any given parallel of latitude, 
expressed in nautical miles. In the ex- 
ample, at the latitude given (28° N) the 
DLo of 257 minutes is equal to a depar- Ficure 108.—Departure is number of nautical 
ture of 227 miles. Since the meridians miles in the arc of a parallel of latitude be- 

: . tween two meridians. 
converge (see fig. 106a) as latitude in- 
creases, the relationship between DLo and p is not constant. The number of miles in 
one degree of longitude at lat, 28° N is 53.1, and at various other latitudes is shown in 
the following table: 





Nautical miles in 1 


Latitude degree of longitude 
20° 06.5 
40° 46.1 
60° 30.1 
80° 10.5 


Departure is occasionally required in marine navigation, but its use as such in air 
navigation is rare, customarily being treated as any other distance. It can be found 
graphically, by formula, or by table 3, Bowditch. 

109. Great-circle course and distance.—Just as the shortest distance between two 
points in a plane is the length of a straight line joining those points, so the shortest 
distance between two points on the surface of a sphere is the length of the shorter arc 
of a great circle whose plane includes the points. 

In figure 109a, let A and B be two points on the surface of the earth, and suppose a 
plane to be passed through the center of the earth and the two points. The circum- 
ference of the cross section is a great circle. The very shortest distance between A 
and B is the length of the straight line 1 in the plane through the earth. The shortest 
distance between A and B on the surface of the earth (assuming it to be a sphere) is 
the length of the curve 2, along the great circle. 

If a map of the region between A and B were drawn, it might appear as in figure 
109b. Note that the great circle AB crosses each meridian at a different angle. Great- 
circle courses and distances are treated in greater detail in chapter XVII. However, 
it is desirable to emphasize here (1) that the great circle route is shorter than any other 
route between two points, and (2) that the direction (angle with a meridian) of all great 
circles, except a meridian or the equator, changes with longitude. 


14 EARTH AND 


qo = = aw 












SSS 
SSSA 


ITS COORDINATES 





FicurE 109a.—The shortest distance between A and B is through the earth (line 1). The shortest 
distance on the surface is along a great circle (line 2). A rhumb line (line 3) is longer 


than a great circle. 





FiagurRe 109b.—Great-circle and rhumb line courses showing difference of direction and distance. 
The direction of the great circle at its mid point is approximately the same as the 
constant direction of the rhumb line. 





Figure 110.—A rhumb line or loxodrome. 


110. Rhumbline.—A line which makes 
the same oblique angle with all meridians 
is called a rhumb line, illustrated as line 3 
in figure 109a and the broken line in figure 
109b. If continued, a rhumb line spirals 
toward the poles in a constant true direc- 
tion. Such a spiral, called a loxodrome 
or loxodromic curve, is illustrated in figure 
110. Parallels and meridians, which also 
maintain true directions, may be con- 
sidered special cases of the rhumb line. 

Between two points on the earth, 
such as A and B in figure 109a, the great 
circle (2) is shorter than the rhumb line 
(3), but the difference is negligible for 
short distances (except in high latitudes), 
or if the line approximates the equator or 
a meridian. 
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It is frequently necessary for a pilot or navigator to find the sum or difference 
of two magnitudes expressed in terms of units of arc. In performing the following 
computations, express the answers to a degree of accuracy consistent with the least 
precise item of data. 


105a. Required.—Add 23°49’527713 and 46°10’137437. 
Answer.—70°00’06% 150. 


105b. Required.—Subtract 75°10'7 from 93°08’. 

Answer.—17 °57’. 

105c. Required.—Subtract 15°52’497928 from 360°00’00%000. 
Answer.—344°07'10"7072. 


105d. Required The sum of the following, to the nearest tenth of a minute: 
204°14’59"073 and 45°00’10%927. 

Answer.—249°15/2. 

105e. Required.—The difference in degrees, minutes, and seconds between 17°14/80 
and 19°09/10. 

Answer.—1°54’/18”. 

106a. Given.—The latitudes of three radio stations are as follows: Ly 5°14’26717 S, 
Lp 0°38'41"23 S, Lg 3°31’00"9 N. 

Required.—(1) The difference of latitude between stations A and B. (2) The 
difference of latitude between B and C. 

Answers.—(1) las 4°35'44794, (2) Isc 4°09'4271. 

106b. Given.—The longitudes of points on various islands are as follows: 


\1 Makin 172°40'35792 E As Adak  176°36'44701 W 
Ae Kwajalein 167°43’52"41 E hy Skuvanes 6°49'21731 W 


Required.—The difference in longitude, DLo, between the points on the following 
islands: 

(1) Makin and Kwajalein, (2) Adak and Skuvanes, (3) Skuvanes and Kwajalein, 
(4) Kwajalein and Adak. 

Answers.—(1) 4°56'43"51, (2) 169°47’22"70, (3) 174°33'13"72, (4) 15°39’23"58. 

107a. Given.—A pilot’s course is 273°. 

Required.—The smaller angle this course makes with a high tension line whose 
direction on the chart is indicated as northeast-southwest. 

Answer.—48°. 


107b. Given.—While heading 035°, a pilot observes a distant water tower bearing 
75° to the left of this heading. 

Required.—(1) The true bearing of the tower. (2) The true bearing of the tower 
after a 50° turn to the right. (3) The relative bearing of the tower after the turn. 

Answers.—(1) 320°, (2) 320°, (3) 235°. 

109. Given.—To obtain his pilot’s license, a student flies a triangular cross-country 
course. He leaves an aerodrome whose position is L 38°52'6 N, A 84°32'9 W and 
travels due north to L 40°00/0 N. 

Required.—(1) The number of statute miles he has traveled. 

Given.—The student then flies due west to a position in \ 87°01/2 W. 

Required.—(2) His departure in nautical miles. 
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Given.—The student now returns to his starting point, making good a speed over 
the ground of 92.3K. The time required is 1 hour 26 minutes. 

Required.—(3) The distance covered on the third leg of the flight. (4) The speed 
in statute miles per hour to cover the third leg in 80 minutes. 

Answers.—(1) 77.6 statute miles, (2) 114 nautical miles, (3) 132 nautical miles, 
(4) 114 mph. 


CHAPTER II 
CHART PROJECTIONS 


General 


201. The navigator’s chart—-A conventional representation, usually on a plane 
surface, of all or part of the physical features of the surface of the earth or any part of 
it, is called a map. Such a representation intended primarily for navigation is called 
achart. The latter shows in greater or less detail elevations, cities and towns, principal 
highways and railroads, oceans, lakes and rivers, radio aids to navigation, danger areas, 
and such features as are useful to the navigator. 

Chart making presents the problem of representing the surface of a spheroid upon 
a plane surface. The surface of a sphere or spheroid is said to be undevelopable 
because no part of it can be spread out flat without distortion. This can be appreciated 
by attempting to flatten out a section of a hollow rubber ball. The method of repre- 
senting all or part of the surface of a sphere or spheroid upon a plane surface is called 
a map or chart projection. The process is one of transferring points on the sphere or 
spheroid onto a developable surface such as a plane, cylinder, or cone, which can be 
easily flattened. If points on the sphere or spheroid are projected from a single point 
(which may be at infinity), the projection is said to be perspective or geometric. Most 
map projections are not perspective, being derived mathematically. 

202. Choice of a projection.—Each projection has distinctive features which 
make it preferable for certain uses, no one projection being best for all conditions. 
These distinctive features are most apparent on charts of large areas. As the area 
becomes smaller, the differences between various projections become less noticeable 
until on the largest scale chart, as an approach chart, all projections become practically 
identical. Some of the desirable properties are: 

1. True shape of physical features. 

2. Correct angular relationship.—A projection with this characteristic is said to be 
conformal or orthomorphic. In such a projection, the scale is the same in all directions 
about a point. 

3. Equal area, or the representation of areas in their correct relative proportions. 

4. True scale values for measuring distances. The scale of a chart is the ratio be- 
tween the linear dimensions of the chart and the actual dimensions represented; as 
1:500,000 (1 inch on the chart equals 500,000 inches on the earth). Scale is also specified 
as 30 miles to 1 inch, 1° of longitude equals 4 inches, etc. 

5. Great circles represented as straight lines. 

6. Rhumb lines represented as straight lines. 

It is possible to preserve any One and sometimes more than one property in any 
one projection, but it is impossible to preserve all of them. For instance, a projection 
cannot be both conformal and equal area. 

203. Types of projections.—Projections are usually classified primarily as to the 
type of developable surface to which the spherical or spheroidal surface is transferred. 
They are sometimes further classified as to whether the projection (but not necessarily 
the charts made by it) is centered on the equator (equatorial), a pole (polar), or some 
point or line between (oblique). The name of a projection often indicates its type 
and sometimes, in addition, its principal feature. 
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The most widely used cylindrical projection is commonly called Mercator, after its 
inventor. Classified according to type, this is an equatorial cylindrical orthomorphic 
projection, the cylinder being tangent at the equator. A similar projection based upon 
a cylinder tangent at a meridian is called 
transverse Mercator or transverse cylin- 
drical orthomorphic. It is sometimes 
called inverse Mercator or inverse cylin- 
drical orthomorphic. If the cylinder is 
tangent at a great circle other than the 
equator or a meridian, the projection is 
called oblique Mercator or oblique cylin- 
drical orthomorphic. 

In a simple conic projection, points on 
the surface of the earth are transferred to 
a tangent cone. In a Lambert conformal 
projection, used for many aeronautical 
Figure 203.—Azimuthal projections: A, gno- Charts, the cone intersects the earth at 

monic; B, stereographic; C (infinity), ortho- two small circles (a secant cone). In a 

graphic. polyconic projection a series of tangent 

cones is used. 

An azimuthal or zenithal projection is one in which points on the earth are trans- 
ferred directly to a plane tangent to the earth or one parallel to such a plane. If the 
origin of the projecting rays is the center of the earth, a gnomonic projection results; if it 
is the point on the surface of the earth opposite the point of tangency of the plane, a 
stereographic projection; and if it is at infinity (the projecting lines being parallel to 
each other) an orthographic projection. (See fig. 203.) In an azimuthal equidistant 
a distances from the point of tangency are accurately represented by a uniform 
scale. 

Cylindrical and plane projections can be considered special cases of conical projec- 
tions with the height infinity and zero, respectively. 

The system of latitude and longitude lines laid out in accordance with the principles 
of any projection is called a graticule. 





Cylindrical Projections | 


204. Features.—If a cylinder is placed around the earth, tangent at the equator, 
and the planes of the meridians are extended, they intersect the cylinder in a number 
of vertical lines (fig. 204). These lines, all being vertical, are parallel, or everywhere 
equidistant from each other, unlike the terrestrial meridians, which become closer 
together as the latitude increases. On the earth the parallels of latitude are perpen- 
dicular to the meridians, forming circles of progressively smaller diameter as the latitude 
increases. On the cylinder they are shown perpendicular to the projected meridians, 
but because a cylinder is everywhere of the same diameter, the projected parallels are 
all the same length. 

If the cylinder is cut along a vertical line—a meridian—and spread out flat, the 
meridians appear as equal-spaced, vertical lines and the parallels as horizontal lines. 
The spacing of the parallels relative to each other differs in the various types of cylin- 
drical projections. 

The cylinder may be tangent at some great circle other than the equator, forming 
an oblique or transverse cylindrical projection, on which the pattern of latitude and longi- 
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tude lines appears quite different, since the line of 
tangency and the equator no longer coincide. 

205. Mercator projection.—The only cylindrical 
projection widely used for navigation is the Mercator 
or equatorial cylindrical orthomorphic. It is not 
perspective and the parallels cannot be located 
geometrically, the spacing being derived mathemati- 
cally. In fact, Gerardus Mercator, its inventor, is 
believed to have thought of the various parts of his 
famous projection entirely in terms of their mathe- 
matical relationship. The use of a tangent cylinder 
to explain the development of the projection was 
introduced later in an attempt at simplification. 
The relationship of the terrestrial latitude and longi- 
tude lines to those on the cylinder is often carried 
beyond justification, resulting in misleading state- 
ments and illustrations. 

The distinguishing feature of the Mercator pro- 
jection among cylindrical projections is that at any 
latitude the ratio of expansion of both meridians and 
parallels is the same, thus preserving the relationship 
existing on the earth. The expansion is equal to the 
secant of the latitude, with a small correction for 
the ellipticity of the earth. Since the secant of 90° 
is infinity, the projection cannot include the poles. 
Expansion is the same in all directions and angles 
are correctly represented, the projection being con- 
formal. Rhumb lines appear as straight lines, the directions of which can be measured 
directly on the chart. Distances can also be measured directly, but not by a single 
distance scale over the entire chart, unless the spread of latitude is small. The latitude 
scale is customarily used for measuring distances, the expansion of the scale being the 
same as that of distances at the same latitude. Great circles, except meridians and 
the equator, appear as curved lines concave to the equator. Small areas appear in 
their correct shape but of increased size unless they are near the equator. Plotting of 
positions by latitude and longitude is done by means of rectangular coordinates, as on 
any cylindrical projection. 

206. Meridional parts.—At the equator a degree of longitude is approximately 
equal in length to a degree of latitude. As the distance from the equator increases, 
degrees of latitude on earth remain approximately the same length (not exactly the same 
because the earth is not quite a sphere), while degrees of longitude become progressively 
shorter. Since degrees of longitude appear everywhere the same length in the Mercator 
projection, it is necessary to increase the length of the meridians if the expansion is to be 
the same in all directions. Thus, to maintain the correct proportions between degrees of 
latitude and degrees of longitude, the former are shown progressively longer as the 
distance from the equator increases. (See fig. 205.) 

The length of the meridian, as thus increased between the equator and any given 
latitude, expressed in minutes of the equator as a unit, constitutes the number of 
meridional parts (M) corresponding to that latitude. Meridional parts, given in 
table 5, Bowditch, (H.O. Pub. No. 9) for every minute of latitude from the equator to 
79°59’, afford facilities for constructing a Mercator chart and for solving some naviga- 























FicureE 204.—A cylindrical projection. 
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An azimuthal or zenithal projection is one in which points on the earth are trans- 
ferred directly to a plane tangent to the earth or one parallel to such a plane. If the 
origin of the projecting rays is the center of the earth, a gnomonic projection results; if it 
is the point on the surface of the earth opposite the point of tangency of the plane, a 
stereographic projection; and if it is at infinity (the projecting lines being parallel to 
each other) an orthographic projection. (See fig. 203.) In an azimuthal equidistant 
projection distances from the point of tangency are accurately represented by a uniform 
scale. 

Cylindrical and plane projections can be considered special cases of conical projec- 
tions with the height infinity and zero, respectively. 

The system of latitude and longitude lines laid out in accordance with the principles 
of any projection is called a graticule. 
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equidistant from each other, unlike the terrestrial meridians, which become closer 
together as the latitude increases. On the earth the parallels of latitude are perpen- 
dicular to the meridians, forming circles of progressively smaller diameter as the latitude 
increases. On the cylinder they are shown perpendicular to the projected meridians, 
but because a cylinder is everywhere of the same diameter, the projected parallels are 
all the same length. 

If the cylinder is cut along a vertical line—a meridian—and spread out flat, the 
meridians appear as equal-spaced, vertical lines and the parallels as horizontal lines. 
The spacing of the parallels relative to each other differs in the various types of cylin- 
drical projections. 

The cylinder may be tangent at some great circle other than the equator, forming 
an oblique or transverse cylindrical projection, on which the pattern of latitude and longi- 
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tude lines appears quite different, since the line of 
tangency and the equator no longer coincide. 

205. Mercator projection.—The only cylindrical 
projection widely used for navigation is the Mercator 
or equatorial cylindrical orthomorphic. It is not 
perspective and the parallels cannot be located 
geometrically, the spacing being derived mathemati- 
cally. In fact, Gerardus Mercator, its inventor, is 
believed to have thought of the various parts of his 
famous projection entirely in terms of their mathe- 
matical relationship. The use of a tangent cylinder 
to explain the development of the projection was 
introduced later in an attempt at simplification. 
The relationship of the terrestrial latitude and longi- 
tude lines to those on the cylinder is often carried 
beyond justification, resulting in misleading state- 
ments and illustrations. 

The distinguishing feature of the Mercator pro- 
jection among cylindrical projections is that at any 
latitude the ratio of expansion of both meridians and 
parallels is the same, thus preserving the relationship 
existing on the earth. The expansion is equal to the 
secant of the latitude, with a small correction for 
the ellipticity of the earth. Since the secant of 90° 
is infinity, the projection cannot include the poles. 
Expansion is the same in all directions and angles 
are correctly represented, the projection being con- 
formal. Rhumb lines appear as straight lines, the directions of which can be measured 
directly on the chart. Distances can also be measured directly, but not by a single 
distance scale over the entire chart, unless the spread of latitude is small. The latitude 
scale is customarily used for measuring distances, the expansion of the scale being the 
same as that of distances at the same latitude. Great circles, except meridians and 
the equator, appear as curved lines concave to the equator. Small areas appear in 
their correct shape but of increased size unless they are near the equator. Plotting of 
positions by latitude and longitude is done by means of rectangular coordinates, as on 
any cylindrical projection. 

206. Meridional parts.—At the equator a degree of longitude is approximately 
equal in length to a degree of latitude. As the distance from the equator increases, 
degrees of latitude on earth remain approximately the same length (not exactly the same 
because the earth is not quite a sphere), while degrees of longitude become progressively 
shorter. Since degrees of longitude appear everywhere the same length in the Mercator 
projection, it is necessary to increase the length of the meridians if the expansion is to be 
the same in all directions. Thus, to maintain the correct proportions between degrees of 
latitude and degrees of longitude, the former are shown progressively longer as the 
distance from the equator increases. (See fig. 205.) 

The length of the meridian, as thus increased between the equator and any given 
latitude, expressed in minutes of the equator as a unit, constitutes the number of 
meridional parts (M) corresponding to that latitude. Meridional parts, given in 
table 5, Bowditch, (H.O. Pub. No. 9) for every minute of latitude from the equator to 
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Figure 205.—A Mercator map of the world. 


tional problems. The difference between consecutive entries is the ratio of expansion 
at that point. 

207. Mercator chart construction.—To construct a Mercator chart, first select the 
scale and then proceed as follows: Draw a series of vertical lines to represent the 
meridians, spacing them in accordance with the scale selected. If the chart is to 
include the equator, the distances of the various parallels from the equator are given 
directly in table 5, Bowditch, although it may be desirable to convert the tabulated 
values to more convenient units. oe if 1° (60’) of longitude is to be shown as one 


inch, each meridional] part will be — or 0.01667 inch in length. The distances, in inches, 


of any parallel from the equator is then determined by dividing its meridional parts 
by 60 or multiplying them by 0.01667. 

If the equator is not to be included, the meridional difference (7m) is used. This is 
the difference between the meridional parts of the various latitudes and that of the 
lowest parallel (the one nearest the equator) to be shown. Distances so determined 
are measured from the lowest parallel. 

It is often desired to show a minimum area on a chart of limited size. The scale is 
then dictated by the limitations. 

When the graticule has been completed, the features to be shown are located by 
means of the latitude and longitude scales. 
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Example.—A Mercator chart is to be constructed on a sheet of paper 35 x 46 
inches, with a minimum 2-inch margin outside the neat line limiting the charted area. 
The minimum area to be covered is lat. 44°-50° north and long. 56°-68° west. 

Solution.—Step one: Determine which dimension to place horizontal. From table 
5, Bowditch, the meridional difference is: 


Moe 3456.5 
Mase 2929.5 





m 527.0 


The chart is to cover at least 12° (68°-56°) of longitude. The longitude is therefore to 
cover a distance of 720 (1260) meridional parts. Since there are a greater number 
of meridional parts of longitude to be shown than of latitude, the long dimension is 
placed horizontal. 

Step two: Determine whether the latitude or longitude is the limiting factor. The 
number of inches available for latitude coverage is 31 (35 inches minus a 2-inch 
margin top and bottom). If 527 meridional parts are to be shown in 31 inches, each 


” 
meridional part will be oF = 0.05882 inch. There are 42 (46—4) inches available for 
n” 
longitude. 42" — 0.05833 inch. Thus, the longitude is the limiting factor, for all of 


720 

the desired area could not be shown in the available space if the larger scale were to be 
used. Using the smaller scale, it is found that 30.74 inches (0.05833 527) will be 
needed to show the desired latitude coverage. Either the top and bottom margins 
can be increased slightly or additional latitude coverage can be shown. If it is desired 
to include the additional coverage, the amount can be determined by dividing the 
available space, 31 inches, by the scale, 0.05833. This is 531.5 meridional parts, or 4.5 
more than the minimum. By inspecting table 5, Bowditch, it is seen that the latitude 
can be extended a little more than 3’ below 44° or nearly 3’ above 50°. For the re- 
mainder of the example, it will be assumed that the margin will be increased slightly and 
only the desired minimum coverage shown. 

Step three: Determine the spacing of the meridians and parallels. Meridians 1° 
or 60’ apart will be placed 60 X0.05833=3.50 inches apart. Each degree of latitude 
must be determined separately. First determine the meridional differences between 
the lowest parallel and the various parallels to be shown: 


M45e3013.4 = Moyge3098.7 9M q703 185.6 = M903 274.1 9 Mi y903364.4 9 =Mo59°3 456.5 
Me2929.5 = Maye2929.5 = Moqye2929.5  Meaye2929.5  Maye2929.5 = Moyye2929.5 


me eer are ne ee 


m 83.9 m 169.2 m 256.1 m 3446 m 434.9 m = 527.0 


Next, determine the distance of each parallel from that of L 44° N by multiplying its 
meridional difference by the length of scale, 0.05833: 


L 44° to L 45°=0.05833 X 83.9= 4.89 in. 
L 44° to L 46°=0.05833 KX 169.2= 9.87 in. 
L 44° to L 47°=0.05833 X 256.1 =14.94 in. 
L 44° to L 48°=0.05833 XK 344.6=20.10 in. 
L 44° to L 49°=0.05833 & 434.9 = 25.37 in. 
L 44° to L 50°=0.05833 X 527.0=30.74 in. 
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Step four: Draw the graticule. Draw a horizontal line 2.13 inches Co) 
from the bottom. This is the lower neat line. Label it “44° N’. Draw the right- 
hand neat line 2 inches from the right edge. Label it ‘56° W”. Along the lower 
parallel measure off distances in units of 3.50 inches from \ 56° W at the right to \ 68° 
W at the left. Through the points thus determined draw vertical lines to represent 
the meridians. Along any meridian measure upward from the horizontal line a series 
of distances as determined by the calculations above. Through these points draw 
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Figure 207.—The graticule for a Mercator chart from L 44° N to L 50° N and from JA 56° W to A 68° W. 


horizontal lines to represent the parallels. Label the meridians and parallels as shown 
in figure 207. 

Step five: Mark off the latitude and longitude scales around the neat line. The 
scales can be graduated in units as small as desired, within reasonable limitations. 
Establish the longitude scale by dividing the degrees into equal parts. Establish the 
latitude scale by computing each subdivision of a degree in the same manner as described 
above for whole degrees. In low latitudes degrees of latitude can be divided into equal 
parts without serious loss of accuracy. 

Step siz: Fill in such detail as desired. 

In south latitude the distance between consecutive parallels increases toward the 
south. The top parallel is drawn first and distances measured downward from it. 
Latitude labels increase toward the south. 

In east longitude the longitude labels increase toward the east. 

208. Transverse and oblique Mercator projections.—If Mercator principles are 
used to construct a chart, but with the cylinder tangent along a meridian, a transverse 
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Mercator or transverse cylin- 
drical orthomorphic projec- 
tion results. The word ‘‘in- 
verse” is sometimes used in 
place of “transverse” with 
the same meaning. If the 
cylinder is tangent at some 
great circle other than the 
equator or a meridian (fig. 
208a), the projection is called 
oblique Mercator or oblique 
cylindrical orthomorphic. 
These projections utilize a 
fictitious graticule similar to, 
but offset from, the familiar 
network of meridians and 
parallels. (See fig. 208b.) 
The tangent great circle is the 
fictitious equator. Ninety 
degrees from it are two ficti- 
tious poles. A group of great 
circles through these poles 
and perpendicular to the tan- 
gent great circle constitute 
the fictitious meridians, while 
a series of circles parallel to 
the plane of the tangent great 
circle form the fictitious par- 
allels. 

On these projections the 
fictitious graticule appears as 
the geographical one on the 
Mercator projection. That 
is, the fictitious meridians 
and parallels are straight 
lines perpendicular to each 
other. The actual meridians 
and parallels appear ascurved 
lines, except along the line of 
tangency. Geographical co- 
ordinates are usually ex- 
pressed in terms of the con- 
ventional graticule. (See 
figs. 209, 210b, and 222.) 

A straight line on the 
transverse or oblique Merca- 
tor projection makes the same 
angle with all fictitious merid- 
ians, but not with the terres- 
trial meridians. It is there- 
fore a fictitious rhumb line. 
Near the tangent great circle Ficure 208b.—The fictitious graticule of an oblique Mercator 


it closely approximates a projection. 


a 
a & 
n g 
nf 2 
* a 
s 
ra Fe 
A f ‘& 
Y/N Xe 
a ert . 
(fe 
hh 
. ff 
- & 


Cex o 


rt Be: 
CARE 
A A fa 


7 Ps 


er Bs ay 37 
P| 4 “seis VPPETES ee “* 
Wa. ae a2 


=a, 
2 


— 
ys % 

: 3 eg Se eal 
~ f . 3 da. af 
-_ . 

rw 

<3 


AA 

ihe 

* % 
vei 


7 Seam! 
Se. A ~% 
= 
ae 





24 CHART PROJECTIONS 


great circle. It is in this area that the chart is particularly useful. 

The universal transverse Mercator (UTM) grid is a military grid superimposed 
on a transverse Mercator graticule, or the representation of these grid lines on any 
graticule. 

209. Use of Transverse Projection.—In a transverse (inverse) Mercator or trans- 
verse (inverse) cylindrical orthomorphic projection, the area of minimum distortion 





Figure 209.—A transverse Mercator map of the western hemisphere. 
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is near a meridian. Thus this projection is particularly useful for charts covering a 
large band of latitude and extending a relatively short distance on each side of the 
tangent meridian (fig. 209), or for charts of the polar regions. It is sometimes used for 
star charts showing the heavens at various seasons of the year. 
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Figure 210a.—The great circle track between Washington and Moscow as it appears on a Mercator 
chart. (See fig. 210b.) 





FiGuRE 210b.—An oblique Mercator chart based upon a cylinder tangent at the great circle through 
Washington and Moscow. The chart includes an area 500 miles on each side of the great circle. 
The limits of this chart are indicated on the Mercator chart of figure 210a. 


210. Use of Oblique Projection.—An oblique projection is used principally where 
it is desired to depict an area in the near vicinity of an oblique great circle, as, for in- 
stance, along the great circle route between two important centers a relatively great 
distance apart. Figure 210a is a Mercator chart showing Washington and Moscow 
and the great circle joining them. Figure 210b is an oblique Mercator chart with the 
great circle between these two centers as the tangent great circle or fictitious equator. 
The limits of the chart of figure 210b are indicated in figure 210a. Note the large 
variation in distortion as the latitude changes. 
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211. Rectangular projection.—A cylindrical projection similar to the Mercator 
but with uniform spacing of the parallels is called a rectangular projection. It is 
convenient for graphically depicting information where distortion is not important. 
The principal navigational use of this projection is for the star charts of the almanacs, 
where positions of stars are plotted by rectangular coordinates representing declination 
(ordinate) and sidereal hour angle (abscissa). Since the meridians are parallel, the 
parallels of latitude (including the equator) and the poles are all represented by lines 
of equal length. (See fig. 211.) 





Figure 211.—A rectangular graticule. 


Conic Projections 


212. Features.— As the name implies, a conic projection is produced by transferring 
points from the surface of the earth to a cone or series of cones which are then cut 
along an element and spread out flat to form the chart. If the axis of the cone or 
cones coincides with the axis of the earth—the usual situation—the parallels appear 
as arcs of circles and the meridians as either straight or curved lines converging toward 
the nearer pole. Excessive distortion is usually avoided by limiting the area covered 
to that part of the cone near the surface of the earth. A parallel along which the cone 
intersects the earth is called a standard parallel. It is shown without distortion. 
The transverse conic projection, in which the axis of the cone is in the equatorial plane, 
is not ordinarily used for navigation, its chief use being for illustrative maps. 

The appearance and features of conic projections are varied by using cones tangent 
at various parallels, using a secant (intersecting) cone, or by using a series of cones. 

213. Simple conic projection.—A conic projection using a single tangent cone is 
called a simple conic projection. (Sce fig. 213a.) The height of the cone increases 
as the latitude decreases. At the equator the height reaches infinity and the cone 
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becomes a cylinder. At the pole its height is zero and it becomes a plane. As in the 
Mercator projection, only the meridians are projected geometrically, each becoming 
an element of the cone. When this is spread out flat to form a map, the meridians 
appear as straight lines converging toward the apex of the cone. The standard parallel, 
or that at which the cone is tangent to the earth, appears as the arc of a circle with its 
center at the apex of the cone, or the common point of intersection of all the meridians. 
The other parallels are concentric circles, the distance along one meridian between 
consecutive parallels being in correct relation to the distance on the earth, and hence 
derived mathematically. The pole is represented by a circle. (See fig. 213b.) 
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FiGuRE 213a.—A simple conic projection. 


The projection is not perspective. The scale is correct along any meridian and 
along the standard parallel. All other parallels are too great in length, the error increas- 
ing with increased distance from the standard parallel. Since the scale is not the same 
in all directions about every point, the projection is not conformal, its principal disad- 
vantage for navigation. Neither is the projection equal area. 

Since the scale is correct along the standard parallel and varies uniformly on each 
side, with comparatively little distortion near the standard parallel, this projection is 
particularly useful for mapping an area covering a large spread of longitude and a com- 
paratively narrow band of latitude. It was developed in the second century A. D., by 
Claudius Ptolemy to map just such an area, the Mediterranean. 
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FIGURE 213b.—A simple conic map of the northern hemisphere. 


214. Lambert conformal conic projection.—The latitude range of the simple 












oe) 1 re 1 
: a aare ‘en | ' a th : 
f i ' ely, ‘4 t 
{ f t tae t aN ag: ' ‘ 
L wtaLe-po-- aH ee gs4ut ee iene 
' 1 7 ‘ Pay i] 1 
! ’ ! . 
of ' | ‘ - 
1 wo 


Ficurs 214.—A secant cone for a conic projection 
with two standard parallels. 


conic projection can be increased by using a 
secant cone, one intersecting the earth at 
two standard parallels (fig. 214). The area 
between the two standard parallels is com- 
pressed and that beyond is expanded. 
Such a projection is called a secant conic 
or conic projection with two standard 
parallels. 

If, in such a projection, the spacing of 
the parallels is altered so that the dis- 
tortion Is the same along them as along the 
meridians, the projection becomes con- 
formal. This is known as the Lambert 
conformal projection, after its eighteenth 
century Alsatian inventor, Johann Heinrich 
Lambert. It is the most widely used conic 
projection for navigation. Its appearance 
is very much the same as that of the 
simple conic projection. Ifthe chart isnot 
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carried far beyond the standard parallels, and if these are not an unreasonable distance 
apart, the distortion over the entire chart is small. A straight line on this projection 
so nearly approximates a great circle that the two can be 
considered identical for most purposes. Radio bearings, 
which are considered to travel great circles, can be plotted 
on this projection without a correction such as is needed 
when they are plotted on a Mercator chart. This feature, 
gained without sacrificing conformality, has made this 
projection the most widely used for aeronautical charts, 
since air navigators make extensive use of radio aids to 
navigation. It has made little progress in replacing the 
Mercator projection for marine navigation. 

In a slightly modified form this projection has recently 
entered the field of polar charts. (See art. 222.) 

215. Polyconic projection.—The latitude limitations of 
the secant conic projection can be eliminated by using 
the polyconic projection. In this projection (fig. 215a), 
every parallel appears as the developed circumference of 
the base of a right circular cone tangent to the spheroid 
on that parallel. The scale is correct along each parallel 
and along the central meridian. Along other meridians 
the scale varies considerably. The meridional scale or 
area error can be expressed to a close approximation by 


2 
E (%)= +(e * 





where DLo is the difference of longitude in degrees from 
the central meridian, and L is the latitude. Parallels 
appear as nonconcentric circles and meridians as curved 
lines converging toward the pole and concave to the central 
meridian. The equator appears as a straight line, since 
the cone used for its representation has its apex at infinity 
and resolves itself into a cylinder. 

This projection is generally explained in terms of the 
bases of an infinite number of right circular cones. How- 
ever, the tables used in its construction are for the frus- 
trums of a finite series of such cones with bases for each 
minute of arc. It is widely used in atlases, particularly 
for areas of large range in latitude and reasonably large 
range in longitude, as for a continent such as North 
America. (See fig. 215b.) However, since it is not 
conformal, it is little used in navigation beyond the 


boat sheets used in hydrographic surveying. Figure 215a.—A_ poly- 
conic projection. 





Azimuthal Projections 


216. Features.—When points on the earth are projected directly to a plane surface, 
a map is formed at once, without cutting and flattening, or developing. This can be 
considered a special case of a conic projection in which the cone has zero height. In 
fact, many of the conic projections have counterparts among the azimuthal projections. 
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The simplest case of the azimuthal projection is one in which the plane is tangent 
at one of the poles. The meridians are straight lines intersecting at the pole and the 
parallels are concentric circles. Their spacing depends upon the method of transfer- 
ring points from the earth to the plane. 

If the plane is tangent at some point other than a pole, straight lines through the 
point of tangency are great circles, and concentric circles connect points of equal dis- 
tance from the point of tangency. Distortion, which is zero at the point of tangency, 
increases rapidly along any great circle through this point. Along any circle whose 
center is the point of tangency, the distortion is constant. The bearing of any point 
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Figure 215b.—A polyeconie map of North America. 


from the point of tangency is correctly represented. It is for this reason that these 
projections are called azimuthal. They are also called zenithal. Several of the com- 
mon azimuthal projections are perspective. 

217. Gnomonic projection.—If a plane is tangent to the earth and points are pro- 
jected geometrically from the center of the earth, the result is a gnomonic projection 
(fig. 217a). This is probably the oldest of the projections, believed to have been devel- 
oped by Thales about 600 B. C. Since the projection is perspective, it can be demon- 
strated by placing a light at the center of a terrestrial globe and holding a flat surface. 
tangent to the sphere. 
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Figure 217a.—An oblique gnomonic projection. 


For the oblique case the meridians appear as straight lines converging toward the 
nearer pole, and the parallels, except the equator, are hyperbolic, parabolic, and elliptic 
curves. (See fig. 217b.) As in all azimuthal 
projections, bearings from the point of tan- 
gency are correctly represented. The distance 
scale, however, changes rapidly. The projec- 
tion is neither orthomorphic nor equal area. 
Distortion is so great that shapes, as well as 
distances and areas, are very poorly repre- 
sented. 

The usefulness of the projection rests 
on the one feature that any great circle 
appears on the map as a straight line. This 
is apparent when it is realized that a great 
circle is the intersection of a sphere with a 
plane through its center, the origin of the 
projecting rays. This plane intersects any 
other nonparallel plane, including the tangent 
plane, in a straight line. It is this one useful 
feature that gives charts made on this projec- 
tion the common name great-circle charts. 

Gnomonic charts published by the U. S. Navy Hydrographic Office bear instruc- 
tions for determining bearing and distance on the charts. The principal navigational 
use of such charts is for plotting the great-circle track between points for planning pur- 





Figure 217b.—A gnomonie map with point of 
tangency at latitude 30° N, longitude 90° W. 
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FIGURE 218b.—A stereographic map of the western 
hemisphere. 


poses. Points along the track 
are then transferred, by means 
of their latitudes and longi- 
tudes, to the navigational 
chart, usually one on the Mer- 
cator projection. The great 
circle is then followed approxi- 
mately by following the rhumb 
line from one point to the 
next (fig. 517). 

218. Stereographic projec- 
tion.—If points on the surface 
of the earth are projected geo- 
metrically onto a tangent plane 
from a point on the surface of 
the earth opposite the point 
of tangency, a stereographic 
projection results (fig. 218a). 
It is also called an azimuthal 
orthomorphic projection. 

The scale of the stereo- 
graphic projection increases 
with distance from the point 
of tangency, but more slowly 
than in the gnomonic projec- 
tion. An entire hemisphere 
can be shown on the stereo- 
graphic projection without ex- 
cessive distortion. (See fig. 
218b.) As in other azimuthal 
projections, great circles 
through the point of tangency 
appear as straight lines. All 
other circles, including merid- 
lans and parallels, appear as 
circles or arcs of circles on 
the map. For this reason, 
principally, a  stereographic 
graticule of a large area, as a 
hemisphere, is very easy to 
construct. 

The principal navigational 
use of the stereographic pro- 
jection is for charts of the 
polar regions, and devices for 
mechanical or graphical solu- 
tions of the navigational tri- 
angle. 
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FIGuRE 219a.—An equatorial orthographic projection. 


219. Orthographic projection.—If terrestrial points are projected geometrically 
from infinity (projecting lines parallel), an orthographic projection results. (See 
fig. 219a.) This projection is 
neither orthomorphic nor equal 
area and has no advantages as a 
map projection. Its principal 
navigational use is in the field of 
navigational astronomy, where it 
is useful for illustrating celestial 
coordinates. If the plane is tan- 
gent at a point on the equator, the 
usual case, the parallels (including 
the equator) appear as straight 
lines and the meridians as ellip- 
ses, except the meridian through 
the point of tangency, which ap- 
pears as a Straight line, as in any 
azimuthal projection. (See fig. 
219b.) The orthographic projec- 
tion is particularly useful to 
astronomers, since our view of 
celestial bodies, as the moon, 
sun, and other planets, is essen- Figure 219b.—An orthographic map of the western 
tially orthogr aphic. hemisphere. 
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220. Azimuthal equidistant projection.—An azimuthal projection in which the 
distance scale along any great circle through the point of tangency is constant is 
called an azimuthal equidistant projection. If a pole is the point of tangency, the 
meridians appear as straight radial lines, and the parallels as concentric circles, equally 
spaced. If the plane is tangent at some point other than a pole, the concentric 
circles represent distance from the point of tangency. In this case meridians and 
parallels appear as curves. The projection can be used to portray the entire earth, 
the point 180° from the point of tangency appearing as the largest of the concentric 
circles. It is a special case of the simple conic projection with one standard parallel. 
The projection is neither conformal nor equal area, nor is it perspective. Near the 
point of tangency the distortion is small, but it increases with distance until shapes 
near the opposite side of the earth are unrecognizable. (See fig. 220.) 

The projection is useful because it combines the three features of being azimuthal, 
having a constant distance scale from the point of tangency, and permitting the entire 








Figure 220.—An azimuthal equidistant map of the world with the point of tangency at latitude 40° N, 
longitude 100° W. 
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earth to be shown on one map. Thus, if an important airport is selected as the point 
of tangency, the great-circle course, distance, and track from that point to any other 
point on the earth are quickly and accurately determined. Similarly, for communica- 
tion work at a fixed point—the point of tangency—the path of an incoming signal, the 
direction of arrival of which has been determined, is at once apparent, as is the direction 
to train a directional antenna for desired results. The projection is also used for polar 
charts and for the familiar star finder and identifier, H.O. 2102-D. 


Polar Charts 





221. Polar projections.—Special consideration is given to the selection of pro- 
jections for polar charts principally because the familiar projections become spccial 
cases with unique features. 


Stereographic 





Azimuthal Equidistant 





Orthographic 
Gnomonic 


FicuRE 221.—A comparison of polar azimuthal projections. 


In the case of cylindrical projections in which the axis of the cylinder is parallel 
to the polar axis of the earth, distortion becomes excessive and the scale changes 
rapidly. Such projections cannot be carried to the pole. However, the transverse 
Mercator projection is used, and use of an oblique Mercator projection tangent at a 
great circle having a vertex in high latitudes has merit. 

Conic projections with their axes parallel to the earth’s polar axis are limited in 
their usefulness for polar charts because parallels of latitude extending through a 
full 360° of longitude appear as arcs of circles rather than full circles, since a cone, when 
cut along an element and flattened, does not extend through a full 360° without stretch- 
ing or resuming its former conical shape. However, by using a parallel very near the 
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pole as the higher standard parallel, a conic projection with two standard parallels 
can be made which requires little stretching to complete the circles. Such a projec- 
tion, called the modified Lambert conformal projection, is useful for polar charts. 
It was suggested during World War II as a projection which is essentially conformal 
and which has small distortion. It is particularly acceptable to those accustomed to 
using the ordinary Lambert conformal charts in lower latitudes. 

Azimuthal projections are in their simplest form when tangent at a pole, since 
che meridians are straight lines intersecting at the pole, and parallels are concentric 
circles. Within a few degrees of latitude of the pole they all look essentially alike, 
but as the distance becomes greater, the spacing of the parallels becomes distinctive 
in each projection. In the polar azimuthal equidistant it is uniform; in the polar 
stereographic it increases with distance from the pole until the equator is shown at a 
scaled distance from the pole equal to twice the length of the radius of the earth, or 
about 27 percent too much; in the polar gnomonic the increase is considerably greater, 
becoming infinity at the equator; in the polar orthographic it decreases with distance 
from the pole. (See fig. 221.) All of these but the last are used for polar charts. 

222. Selection of a polar projection.—The projections commonly used for polar 
charts are the transverse Mercator, modified Lambert conformal, gnomonic, stereo- 
graphic, and azimuthal equidistant. Near the pole there is little to choose between 
them. Within the limits of practical navigation all are essentially conformal and on 
all a great circle is essentially a straight line. 

As the distance from the pole increases, however, the distinctive features of each 
projection become a consideration. The transverse Mercator is conformal and its type 
of distortion is familiar to one accustomed to using a Mercator chart. Distances 
can be measured accurately in the same manner as on any Mercator chart. The tan- 
gent meridian and all straight lines perpendicular to it are great circles. All other 
great circles, including the meridians, are curves concave to the tangent meridian. 
The departure of a great circle from a straight line becomes a maximum at the outer 
edges parallel to the tangent meridian. A slight inconvenience in measurement of 
angles may result from the curvature of the meridians. (See fig. 222.) 

The modified Lambert conformal is essentially conformal over its entire extent 
and its amount of distortion is less than in any other projection if it is carried to about 
25° to 30° from the pole. Beyond this distance the distortion increases rapidly. A great 
circle is very nearly a straight line anywhere on the chart. Distances and directions 
can be measured directly on the chart in the same manner as on the Lambert conformal 
chart. However, for preciscly accurate work this projection is not suitable, for it is 
not strictly conformal and great circles are not exactly straight lines. 

The polar gnomonic projection is the one polar projection on which great circles 
are exactly straight lines. The excessive distortion and lack of conformality of this 
projection make it unsuitable for ordinary navigation. 

The polar stereographic projection is conformal over its entire extent and a great 
circle differs but little from a straight line. The distortion is not excessive for a 
considerable distance from the pole, but is greater than in the modified Lambert 
conformal projection. 

The polar azimuthal equidistant projection is useful for showing a large area such 
as a hemisphere, because there is no expansion along the meridians. However, the 
projection is not conformal and distances cannot be measured accurately in any but a 
north-south direction. Great circles other than the meridians differ somewhat from 
straight lines. The equator is a circle centered at the pole. 
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The three projections most commonly used for charts for ordinary navigation 
near the poles are the transverse Mercator, modified Lambert conformal, and the polar 
stereographic. The transverse Mercator is usually favored by marine navigators and 
others accustomed to using the ordinary Mercator in lower latitudes. The other two 
are usually favored by those accustomed to using the Lambert conformal. The modi- 
fied Lambert conformal, a recent addition to the field, is considered by many to be an 
improvement over the polar stereographic, which it closely resembles. 


“ 30°E 





FIGURE 222.—A polar transverse Mercator map with the cylinder tangent at the 90° E-90° W meridian. 


Plotting Sheets 


223. Definition and use.—A plotting sheet is a blank or incomplete chart. It has 
the latitude and longitude lines, and it may have a compass rose for measuring direction, 
but little or no additional information. The meridians are usually unlabeled by the 
publisher so the plotting sheet can be used for any longitude. If it is suitable for 
use 1n any latitude, the parallels, also, may be unlabeled. 

Plotting sheets are less expensive to produce than charts and are equally suitable 
or superior for some purposes. They are used primarily for plotting lines of position 
from celestial observations and for dead reckoning, particularly when land, aids to 
navigation, and depth of water are not important. 
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Any projection may be used for constructing a plotting sheet, but that used for 
the navigator’s charts is customarily emploved also for his plotting sheets. 

224. Small area plotting sheets.—A Mercator plotting sheet for a relatively small 
area can easily be constructed by the navigator. Two alternative methods based 
upon a graphical solution of the secant of the latitude, the approximate degree of 
expansion, are explained below: 

First method (fig. 224a).—Step one: Draw a serics of equally spaced, vertical 
lines at any spacing desired. These are the meridians: label them at any desired 
interval, as 1’, 2’, 5’, 10’, 30’, 1°, ete. 

Step two: Through the center of the sheet draw a horizontal line to represent. the 
parallel of the mid latitude of the area to be covered, and label it. 
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Figure 224a.—Small area plotting sheet with selected longitude scale. 


Step three: Through any convenient point, as the intersection of the parallel of 
the mid latitude and the central meridian, draw a line making an angle with the hori- 
zontal equal to the mid latitude. In figure 224a this angle is 35°. 

Step four: Draw in and label additional parallels. The length of the oblique line 
between consecutive meridians is the distance between consecutive parallels. The 
number of minutes of arc between consecutive parallels thus drawn is the same as 
that between the meridians shown. 

Step five: Divide the oblique line into lengths of 1’ to serve as a latitude and mile 
scale. It can also be used as a longitude scale by measuring horizontally from a 
meridian instead of obliquely along the line. 

Second method (fig. 224b).—Step one: At the center of the sheet draw a circle 
with a radius equal to 1° (or any other convenient unit) of latitude at the desired 
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scale. If a sheet with a compass rose is available, the compass rose can prove useful 
for measuring directions. It need not limit the scale of the chart, as an additional 
concentric circle can be drawn and desired graduations extended to it. 

Step two: Draw horizontal lines through the center of the circle and tangent at 
the top and bottom. These are parallels of latitude: label them accordingly, at the 
selected interval (as every 1°, 30’, etc). 

Step three: Through the center of the circle draw a line making an angle with the 
horizontal equal to the mid latitude. In figure 224b this angle is 40°. 

Step four: Draw in and label the meridians. The first is a vertical line through 
the center of the circle. The second is a vertical line through the intersection of the 
oblique line and the circle. Additional meridians are drawn the same distance apart 
as the first two. 
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FiGuRE 224b.—Small area plotting sheet with selected latitude scale. 


Step five: Divide the oblique line into lengths of 1’ to serve as a latitude and mile 
scale. It can also be used as a longitude scale by measuring horizontally from a. 
meridian instead of obliquely along the line. 

The two methods are essentially identical in that exactly the same result can be 
produced by either. The first method, starting with the selection of the longitude 
scale, is particularly useful when the longitude limits of the plotting sheet determine 
the scale. When the latitude coverage is more important, the second method may be 
preferable. If a standard size is desired, part of the shect can be printed in advance, 
forming what is called a universal plotting sheet. This is done by the Hydrographic 
Office (the VP-OS plotting sheet). Thus, in either method a central compass rose might 
be printed. In the first method the meridians may be shown at the desired interval 
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and the mid parallel may be printed and graduated in units of longitude. In using 
the sheet it is necessary only to label the meridians and the oblique line, and from it 
determine the interval and draw in and label additional parallels. If the mid parallel 
is graduated, the oblique line need not be. In the second method the parallels may 
be shown at the desired interval and the central meridian may be printed and graduated 
in units of latitude. In using the sheet it is necessary only to label the parallels, draw 
the oblique line and from it determine the interval and draw in and label additional 
meridians. If the central meridian is graduated, as shown in figure 224b, the oblique 
line need not be. 

Both methods use a constant relationship of latitude to longitude over the entire 
sheet and both fail to allow for the ellipticity of the earth. For practical navigation 
these are not important considerations for a small area. If a larger area is to be shown 
or if more precise results are desired, the method of article 207 should be used, omitting 
step 6. 


CHAPTER III 
AERONAUTICAL CHART INTERPRETATION 


301. Aeronautical chart projections.—As stated in article 214, the Lambert 
conformal projection is most widely used for aeronautical charts outside of the polar 
regions. There are a number of desirable features of this conic projection. (1) A 
straight line closely approximates a great circle. Courses and radio bearings can there- 
fore be plotted with a straightedge. (2) The scale about a point is the same in all 
directions and, within the limits of practical accuracy, throughout a single chart. 
Hence, the scales for nautical miles, statute miles, and kilometers, printed on each 
chart, can be used on any portion of that sheet and in any direction. It is not necessary 
to measure distance at the mid latitude as on a Mercator chart. (3) Since it is conformal 
(orthomorphic), angles are correctly represented and small shapes are correctly pro- 
portioned. Consequently, land or water areas have substantially the same shape on 
the chart as appears from the air. Equally important, the relationship between the 
directions of ground objects is preserved. (4) Meridians, being great circles, are 
straight north-south lines which although converging serve as convenient references 
in plotting, particularly with an AN plotter (art. 506) or its equivalent. The Mercator 
projection is also widely used, particularly for regions near the equator. 

In polar regions, several projections are used, such as the modified Lambert 
conformal, the transverse Mercator, the polar stereographic, and others. These 
projections are described in articles 221 and 222. 

302. Chart types.—Aeronautical charts are differentiated on a functional basis 
by the type of information they convey. Thus, charts designed primarily to facilitate 
the planning of long-distance flights carry less detail than those required for navigation 
en route. Local charts show greater detail and approach charts present a vast amount 
of specific information relating to a small area surrounding an airport. Charts for 
en route navigation can be classified in two major groups: (1) those applicable prin- 
cipally to long-range navigational methods and (2) those to be used mainly with 
short-range navigational methods (approximately 50 miles or less). Thus, charts 
for transoceanic flights requiring the use of long-range methods en route give primary 
emphasis to long-range radio navigational aids and major air facilities, while charts 
suitable for local and cross-country flights give predominance to details of terrain and 
water features, communities, structures, and the short-range radio aids to navigation. 
The special requirements of the pilot-navigator of jet aircraft are being studied to 
provide charts suitable for the speed, altitude, and instrumentation available to him. 

303. The scale of a chart is the ratio between the dimensions of the chart and 
the actual dimensions represented. Thus, if the scale is 1:1,000,000, 1 inch on the 
chart represents 1,000,000 inches (about 14 miles) on the ground. If the scale is 
1: 500,000, 1 inch on the chart. represents 500,000 inches (about 7 miles) on the ground. 
Note that a scale 1:500,000 is larger than 1:1,000,000; that is, a given area on the 
ground appears larger on the 1:500,000 chart. 

The choice of scale for an aeronautical chart depends mainly upon two conflicting 
factors; (1) the size of the area to be charted as limited by the physical size of chart, 
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and the mid parallel may be printed and graduated in units of longitude. In using 
the sheet it is necessary only to label the meridians and the oblique line, and from it 
determine the interval and draw in and label additional parallels. If the mid parallel 
is graduated, the oblique line need not be. In the second method the parallels may 
be shown at the desired interval and the central meridian may be printed and graduated 
in units of latitude. In using the sheet it is necessary only to label the parallels, draw 
the oblique line and from it determine the interval and draw in and label additional 
meridians. If the central meridian is graduated, as shown in figure 224b, the oblique 
line need not be. 

Both methods use a constant relationship of latitude to longitude over the entire 
sheet and both fail to allow for the ellipticity of the earth. For practical navigation 
these are not important considerations for a small area. If a larger area is to be shown 
or if more precise results are desired, the method of article 207 should be used, omitting 
step 6. 


CHAPTER III 
AERONAUTICAL CHART INTERPRETATION 


301. Aeronautical chart projections.—As stated in article 214, the Lambert 
conformal projection is most widely used for aeronautical charts outside of the polar 
regions. There are a number of desirable features of this conic projection. (1) A 
straight line closely approximates a great circle. Courses and radio bearings can there- 
fore be plotted with a straightedge. (2) The scale about a point is the same in all 
directions and, within the limits of practical accuracy, throughout a single chart. 
Hence, the scales for nautical miles, statute miles, and kuometers, printed on each 
chart, can be used on any portion of that sheet and in any direction. It is not necessary 
to measure distance at the mid latitude as ona Mercator chart. (3) Since it is conformal 
(orthomorphic), angles are correctly represented and small shapes are correctly pro- 
portioned. Consequently, land or water areas have substantially the same shape on 
the chart as appears from the air. Equally important, the relationship between the 
directions of ground objects is preserved. (4) Meridians, being great circles, are 
straight north-south lines which although converging serve as convenient references 
in plotting, particularly with an AN plotter (art. 506) or its equivalent. The Mercator 
projection is also widely used, particularly for regions near the equator. 

In polar regions, several projections are used, such as the modified Lambert 
conformal, the transverse Mercator, the polar stereographic, and others. These 
projections are described in articles 221 and 222. 

302. Chart types.—Aeronautical charts are differentiated on a functional basis 
by the type of information they convey. Thus, charts designed primarily to facilitate 
the planning of long-distance flights carry less detail than those required for navigation 
en route. Local charts show greater detail and approach charts present a vast amount 
of specific information relating to a small area surrounding an airport. Charts for 
en route navigation can be classified in two major groups: (1) those applicable prin- 
cipally to long-range navigational methods and (2) those to be used mainly with 
short-range navigational methods (approximately 50 miles or less). Thus, charts 
for transoceanic flights requiring the use of long-range methods en route give primary 
emphasis to long-range radio navigational aids and major air facilities, while charts 
suitable for local and cross-country flights give predominance to details of terrain and 
water features, communities, structures, and the short-range radio aids to navigation. 
The special requirements of the pilot-navigator of jet aircraft are being studied to 
provide charts suitable for the speed, altitude, and instrumentation available to him. 

303. The scale of a chart is the ratio between the dimensions of the chart and 
the actual dimensions represented. Thus, if the scale is 1:1,000,000, 1 inch on the 
chart represents 1,000,000 inches (about 14 miles) on the ground. If the scale is 
1: 500,000, 1 inch on the chart represents 500,000 inches (about 7 miles) on the ground. 
Note that a scale 1:500,000 is laryer than 1:1,000,000; that is, a given area on the 
ground appears larger on the 1:500,000 chart. 

The choice of scale for an aeronautical chart depends mainly upon two conflicting 
factors; (1) the size of the area to be charted as limited by the physical size of chart, 
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and (2) the amount of detail to be shown as limited by the probable use of the landmarks 
in navigation. Thus, a chart of a strip of territory 1,200 miles long requires a sheet 
nearly 86 inches long if the scale is 1’’=14 miles (1:1,000,000). If the scale is 1’’=28 
miles (1:2,000,000) the sheet need be only 43’’ long, but less detail of the terrain can 
be shown. 

The conflict between chart requirements for local and long-distance flights has led 
to the development of numerous spccial purpose charts at appropriate scales with as 
much aeronautical information as can be included without excessive cluttering. Thus, 
the scale of planning charts is usually between 1:3,000,000 and 1:5,000,000 or smaller; 
that of charts for en route navigation is usually 1:500,000 or 1:1,000,000; of local charts 
is 1:250,000; of approach charts is frequently 1:62,500; and for landing charts the 
scale may be as large as 1:31,680. At a scale of 1:500,000 the average chart for en 
route navigation covers an area approximately 240 miles by 400 miles. This coverage 
is too small for convenient use in fast aircraft which rapidly ‘‘fly off” the chart. This 
necessitates frequent transfers to adjacent charts and subjects the pilot or navigator 
to the annoyance of having to fold and refold a large sheet in cramped quarters. 

304. Coverage.— Most of the land and adjacent water areas of the earth are repre- 
sented on the World Aeronautical Charts (WAC) published by the Aeronautical Chart 
and Information Center of the U.S. Air Force. These charts are reasonably representa- 
tive of other charts because the type of symbols and the information on them are basic 
for understanding and interpreting most of the other charts available. Each sheet of 
the WAC series covers 4° of latitude, the range of longitude depending upon latitude. 
They are of uniform size, approximately 22 inches by 29 inches, and all are folded in the 
same manner. The projection is the Lambert conformal between latitudes 0° and 80°, 
and the polar stereographic between 80° and 90°. The scale on the WAC series is 
1:1,000,000. As aresult, equal distances on the earth appear approximately the same 
on all charts. The Lambert conformal projections are based on standard parallels 
constructed 40’ apart within each 4° latitude band. This makes each chart a very 
accurate presentation of the earth, since there is little span between the standard paral- 
lels and little room for distortion. The maximum scale change is .03 percent too small 
between standard parallels, and .07 percent. too large at 1°10’ beyond either parallel. 

The continental United States and Hawaii are also covered by a series of charts 
published by the U.S. Coast and Geodetic Survey. These are known as U.S. Sectional 
Aeronautical Charts, identified by a prominent feature of the area covered; e. g., San 
Diego, Grand Canyon, Lake Huron, ete. Sectional charts are drawn on the Lambert 
conformal conic projection to a scale of 1:500,000 (1 inch=7 nautical miles approxi- 
mately), twice the scale of the WAC series, permitting more detail to be shown. The 
charts are somewhat longer (20 x 42 inches) and in general extend over 2° of latitude. 
They are folded uniformly for convenient reference and stowage. 

The U.S. Coast and Geodetic Survey also publishes Local Charts of certain con- 
gested areas such as New York, Washington, and San Diego. These charts are also on 
the Lambert conformal conic projection at a scale of 1:250,000 (1:125,000 for Honolulu) 
permitting a still greater amount of detail to be clearly shown. 

305. Types of information.—-The portrayal of the large amount of information 
carried on most. aeronautical charts is accomplished by the use of standard symbols 
and typography. While there are variations in some minor points, the xeronautical 
charts of the United States and many foreign countries generally conform to standards 
adopted by the International Civil Aviation Organization (ICAQ). 
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This aeronautical information is classified under 5 major headings: 
1. Topographic. 

a. Relief: inequalities in ground eleyations. 

b. Drainage: rivers, lakes, oceans, etc. 

ec. Culture: cities, highways, railroads, and other structures. 

2. Aerodrome information: 

a. Characteristics: civil, military, importance, length of runways, etc. 
b. Traffic control boundaries. 
c. Instrument landing aids. 

3. Radio facilities: radio ranges, beacons, control tower frequencies, landing sys- 
tems, etc. 

4. Navigational lights: airport and airway beacons, runway lights, marine lights. 

5. Miscellaneous: caution, danger, and control areas, information zones, civil air- 
ways, reporting points, compass roses, isogonic lines (art. 409), etc. 

Most of this aeronautical information is conveyed by symbols. The ability to 
interpret these symbols rapidly is essential to chart interpretation. Many of the sym- 
bols are indicated in figures 306 to 308, inclusive. 

306. Relief.—Inequalities of ground elevations are shown on aeronautical charts 
by four methods: (1) gradient or hypsometric tints, (2) contour lines, (3) hachures, and 
(4) spot elevations. Symbols used to represent relief are shown in figure 306a. Refer- 
ring to figure 306b, the approximate elevation and slope of the terrain can be estimated 
by the scale of gradient (hypsometric) tints. The elevation of Orting near the NW 
corner is less than 500 feet above sea level. The terrain rises gradually toward the 
southeast, as shown by the deeper shades of brown. The irregular, brown lines, called 
contour lines, join points having the same elevation. Thus, Carbonado, east of Orting, 
is near the 1,000 foot contour. Its elevation is between 1,000 feet and 2,000 feet. This 
is shown also by the gradient tint. Note that a valley less than 500 feet extends south- 
east toward Carbonado. South Prairie (northeast of Orting) lies in a long, narrow valley. 
This is shown (1) by the deeper green tint, (2) the 500-foot contour line, (3) the evi- 
dence of the river (blue line), road (gray line), and railroad (black line), all of which 
tend to follow ground contours rather than cross them. The irregular and closely 
spaced contour lines near the southeastern corner indicate that the northern slope of 
Mt. Rainier rises steeply (nearly 1,000 feet per mile) reaching an elevation of 8,364 feet 
at one point. The rise continues (off the chart) to 14,408 feet 3 miles to the south. 
The presence of glaciers on the mountain is indicated, but it should be remembered 
that the extent and shape of the ice mass is variable. 

The steepness of the terrain gradient is indicated roughly by the spacing between 
contour lines. Thus, the ground within a few miles to the east of Carbonado is quite 
level, while Carbon River flows through a gorge the sides of which rise steeply to 
approximately 6,000 feet. Steep cliffs and escarpments are sometimes indicated by 
hachures as shown near the bottom of figure 307b southwest of Pozo Salado. 

The information presented by relief symbolization is important to aviators for 
several reasons. (1) It gives the elevations along and adjacent to the proposed route, 
from which the minimum safe flight altitude can be determined. (2) Relief also in- 
dicates the probability of suitable arcas for off-field emergency landings. Thus, in 
figure 306b, a level area suitable for emergency landing would be difficult to find near 
the southeast corner, but is much more probable to the northwest. It should not be 
inferred from the single tint northeast of Orting that the ground is level and smooth, 
since clcvations and depressions are not shown unless they excced 500 feet, the con- 
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TOPOGRAPHIC INFORMATION 
DRAINAGE 


SHORE LINES (Unreliable) 


SHORE LINES (Reliable) 


LAKES (Perennial) 


LAKES (Non-perennial) 


DRY LAKES 


WASHES 


RIVERS AND STREAMS 


RIVERS AND STREAMS 
(Non-perennial) 


RIVERS AND STREAMS 
(Unreliable) 


SWAMPS AND MARSHES 


CANALS 
ABANDONED CANALS, AQUEDUCTS 
CANAL TUNNELS 


‘ 
~~ 


: Dry Lake 





S Spring 


@ Well 
® Keservoir 


@ Wouter Hole 














FIGURE 307a.— Drainage symbols. 


RAPIDS AND FALLS 


SALT PANS (Evaporator) 


RICE FIELDS 


SPRINGS 


WELLS AND WATERHOLES 


SHOALS AND SANDBARS 


GLACIERS 


MUD AND TIDAL FLATS 


CORAL REEFS AND LEDGES 


DANGER LINES 
CHARTED ROCKS 


UNUSUAL WATER FEATURES 
VISIBLE FROM THE AIR 
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tour spacing in this area. However, the possibility of finding a suitable emergency 
landing area is much greater here than in mountainous regions. (3) The presentation 
of relief on an acronautical chart suggests possible air conditions. Turbulence is to be 
expected at low altitude over hilly terrain. More important, strong downdrafts and 
perhaps standing waves can be anticipated on the leeward side of mountain ranges. 
(See art. 620.) 

307. Drainage refers to terrain features associated with water. The water may 
be visible from the air during all seasons (perennial) or only during and shortly after 
a rainy season (nonperennial). Surface features such as rivers and lakes are quite 
conspicuous and provide the air navigator with excellent landmarks. In dry areas, the 
courses of streams are frequently marked by increased vegetation along the margins 
or by a wash caused by erosion of a previously flowing or intermittent stream. 

Bodies of water may be distinguishable at night by the reflection of the moon or 
stars. Also, they usually present a sharp contrast with land when seen on a radar 
scope. (See ch. XII.) 

The drainage symbols used on aeronautical charts are shown in figure 307a. Many 
of these are also shown in the chartlets accompanying this chapter, as figure 307b. 
Water symbols are printed in blue. 

308. Culture as used in cartography means those features resulting from the 
civilization and culture of the inhabitants, as contrasted with natural features. 

The symbols used to represent culture on an aeronautical chart are shown in 
figure 308a. The shape of large communities is shown if identifiable from the air. 
Frequently, however, suburban areas merge with business areas so that no sharp line 
of demarcation is discernible. Public parks, reservoirs or other features sometimes 
provide characteristic patterns. Small towns and villages are particularly difficult to 
identify because of the absence of distinguishing features. It is sometimes possible 
to identify a town from the pattern of railroads and highways entering it or from an 
adjacent stream or confluence of two or more streams. Thus, a pilot or navigator 
should have no difficulty in identifying Mojave (fig. 308b) even if previously lost and 
unfamiliar with the area, but might easily mistake Bagdad for Klondike or Amboy 
shown in figure 310. In gencral, small towns are unsatisfactory landmarks and should 
be treated with caution unless positively identified. 

Railroads and highways are usually quite conspicuous and frequently provide 
good landmarks in open country. In thickly settled areas they tend to lose their 
identity in the maze of connecting lines and roads. At high altitude, it is sometimes 
difficult to distinguish between a railroad and a highway, particularly over flat t errain 
where long straight stretches prevail. If by chance a train (fig. 308c) or an auto- 
mobile is observed, the question is settled. It is sometimes possible to identify typical 
railroad facilities such as stock pens, or freight sidings. Smoke from a moving loco- 
motive is not a reliable indication of surface wind. 

Dual highways, conspicuous when seen from an aircraft, are excellent guides en 
route. However, other main highways are often indistinguishable from minor roads 
having approximately the same width. Many country roads and trails seen from the 
air are not found on aeronautical charts; however, they sometimes point out landmarks 
which might otherwise escape detection. Figure 308d shows several minor roads and 
trails, a highway, and a railroad. A long straight line such as that extending from top 
to bottom of figure 308d, a line which apparently disregards ground contours, may be 
a pipe line or power transmission line. If confined to forest areas, such markings may 
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Fiaure 308c.—Airfield, factory, road, railroad with trains. 


be cleared fire breaks for the control of forest fires. Fire breaks are rarely shown on 
charts. Pipe and power lines can sometimes be distinguished from roads by noting 
the absence of branches leading to adjacent buildings and the sharp corners at inter- 
sections, unrounded by traffic. Even small establishments may be valuable landmarks 
in sparsely settled regions. Thus, isolated buildings, as a ranch or mine stand out 
conspicuously and often supply navigational information if shown on a chart. (See 
fig. 308d.) | 

Bridges are usually charted and, being easily seen, provide excellent geographical 
landmarks. On the other hand, a tunnel is often an ambiguous landmark, since there 
may be more than one in mountainous areas where they exist, and since many are 
inconspicuous. (See fig. 308b, near Tehachapi.) 

A race track or an observatory is ordinarily quite conspicuous, but a lookout tower 
can easily be missed. The identification of a ranger station and a coast guard station 
is difficult, although at low altitudes the latter can sometimes be picked out from other 
buildings along a United States coast by noting the red roof, characteristic cupola, and 
white flag pole. 

309. Aerodrome information.—It is impracticable to show all details of an aero- 
drome and its facilities, by means of symbols on an aeronautical chart. However, 
some of the more essential information can be conveyed by the symbols shown in 
figure 309a. Thus, from the chartlet shown in figure 309b, it can be seen that San 
Luis Obispo County Airport is a civil aerodrome at an elevation of 209 feet above 
mean sea level and has minimum lighting facilities. The longest runway is 4,000 feet 
Jong and has a hard surface. Additional information, including the instrument landing 
aids available, is given for larger aerodromes as those at San Diego (fig. 309¢). 
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TOPOGRAPHIC INFORMATION 


CULTURE 


URBAN AREAS RAILROADS 


SINGLE TRACK 


LARGE CITIES AND TOWNS 


(Shape of built-up area) TWO OR MORE TRACKS 


(Small scale) 
(Very large scale) 


SMALL CITIES AND TOWNS 


ABANDONED OR 
UNDER CONSTRUCTION 


OVERPASSES 


(Large scale) 


TOWNS 


BUILDINGS 





(Small scale) 
UNDERPASSES 
(Large scale) 







DESCRIPTIVE SYMBOLS 


(Small scale) 


LANDMARKS BRIDGES 







OIL FIELDS 







TUNNELS 







OIL TANKS 


MOUNTAIN PASSES 






HIGHWAYS AND ROADS 
PIPE LINES 







DUAL LANE 







MINES AND QUARRIES 


FIRST CLASS 
LOOKOUT TOWERS 







SECOND CLASS 







RANGER STATIONS 


TRAILS 







COAST GUARD STATION 


BRIDGES 
DAMS, LOCKS, AND PIERS 


(Small scale and 






TUNNELS 






single line stream) 


TELEPHONE, TELEGRAPH LINES 






RACETRACKS OR STADIUMS BOUNDARIES 






TREES (Large scale only) STATE AND PROVINCIAL 






(125,000,000) = ae ms meee 






(Coniferous) 


INTERNATIONAL 






(Deciduous) 





FIGURE 308a.—Culture symbols. 
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Figure 308d.— Minor roads, trails, highway, railroad, power or pipe line, ranch or mine. 


Charts printed in accordance with the specifications of International Civil Avia- 
tion Organization (ICAO) carry aerodrome symbols as shown in figure 309d. These 
symbols give little weight to facilities since these are constantly changing and the chart 
tends to become inaccurate soon after issuance. Much more complete descriptions 
of aerodromes and their facilities are given in the publications listed in article 704 
and appendix A. As used in aeronautical charts and publications, the word facilities 
refers, in general, to lighting such as beacons, landing lights, runway lights, ete., and 
provision for fuel or repair services, although it is often applied to other accommodations 
such as radio, weather, passenger, telephone, and taxi services. If the charted symbol 
of the aerodrome indicates ‘‘with facilities,’ at least a minimum of lighting, fuel, and 
repair services can be expected. On the other hand, little or no service can be counted 
upon at an aerodrome marked with the “landing area”? symbol. 
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Air traffic is rigidly controlled in the vicinity of congested areas and certain de- 
fense areas, and along the principal airways. Controlled airways (fig. 309b) are shown 
in blue on some charts. In addition, air defense identification zones (ADIZ) have 
been established near the international boundaries (figs. 307b and 309b) and the 
Atlantic and Pacific oceans have been divided into regions called oceanic control areas. 
The boundaries of these zones and areas are shown on appropriate aeronautical charts. 

310. Radio facilities—Radio aids are fully explained in Chapter XI, but several 
of the more important are mentioned here to assist the student in learning chart inter- 
pretation. The most common radio facilities used by air navigators are: (1) low fre- 
quency (LF) 4-course range, (2) omnirange, (3) nondirectional radiobeacon and (4) 
fan marker. 


LANDPLANE SEAPLANE 


eo; ©) CIVIL 
AERODROMES JOINT CIVIL 
WITH FACILITIES & MILITARY 
© © MILITARY 
AERODROMES WITH LANDING SHELTERED 
EMERGENCY OR NO FACILITIES AREA ANCHORAGE 


Figure 309d.—ICAO aerodrome symbols. 


Referring to figure 310, a low-frequency 4-course radio range station transmits 
radio signals such that in 4 narrow (3°) sectors, called beams or legs, a steady tone is 
heard when the receiver is tuned to the station frequency. This is called the on-course 
signal. The magnetic course toward the station (inbound) is shown on each leg. If 
the aircraft moves “off the beam,” the signal gradually changes from the on-course 
monotone to a series of dots and dashes (. —,.—, A in Morse code) on one side of the 
beam, or to a series of dashes and dots (~., —., N in Morse code) on the other side. 
The N sector is indicated on a chart by solid lines along the edges of the adjacent beams. 

An omnirange (contraction of omnidirectional range) station (VOR) is so arranged 
that a pilot or navigator can select any magnetic course (called a radial) toward or 
away from the station. (Sce figs. 310 and 308b.) An instrument on his panel then 
indicates whether he is on the selected radial or to the right or left. 

With an LF range, an N or an A can be received in either of two sectors. This 
ambiguity does not exist in a visual-aural range (VAR), which transmits an audible 
A-N signal on one leg and a visual signal on a crossing leg. The presentation of the 
visual signal is blue on one side of the beam and yellow on the other. Figure 309b 
shows the symbol for a VAR range. The visual legs (NW and SE) and aural legs 
(NE and SW) are shown in different characteristic crosshatching. The “blue’’ side 
of the visual legs and the ‘“‘N”’ side of the aural legs are indicated by solid lines. Few 
ranges of this type still exist. 

A radiobeacon (RBn) station (fig. 307b) transmits an audible, nondirectional 
signal in the low frequency (LF) band. An aircraft equipped with a radio direction 
finder (RDF) can “home” on (stecr for) the station. A radiobeacon is sometimes 
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AERONAUTICAL INFORMATION 


AERODROMES 


AIRPORTS- COMPLETE FACILITIES Refueling services, complete repairs, shelter, and where applicable passenger 
Or cargo services and/or seaplane ramp with hauling out facilities, 


SEAPLANE LANDPLANE LANDPLANE 
(LARGE SCALE) 


oOo 0 cn 
oS 


(No 3 halftone screen 
& ) with solid runways on : at aa 
1:125,000 scale) Joint Civil and Military Base 


Military Base 





AIRFIELDS OR SEAPLANE PORTS- LIMITED FACILITIES Refueling services for normal traffic and limited repair facil- 
ities. 


Qo oO cl 
@ 


Military 


D> © 


Joint Civil and Military 


OTHER AERODROMES 


| 
| 
| 
| 


i Landing Strip - Limited or no facilities. 
] 


hen ee a ae ee ee oe 
Landing Area - Limited or no facilities or information there- 
on not complete. 
L Sheltered Anchorage - Limited or no facilities, 
c Emergency Anchorage - Limited or no facilities or informa- 


tion thereon not complete. 
Aerodrome symbols vary in size according to the scale of the chart. 


Air Navigation Light symbols when located at aerodrome are to be shown in a break in circle of aerodrome symbol. In cong- 
ested areas symbol may be shown within circie. 


The following examples illustrate the accepted form for showing additional information with aircraft facility symbols. This inform- 
ation is enclosed within a box when control tower radio is available at the facility. The information is portrayed by characters 
illustrated below. When specific information pertaining to landing facility data is lacking, or less than minimums specified the 
respective character shall be replaced by a dash (7). 

L . «+» Minimum lighting; obstruction, boundary or runway lights, and lighted wind indicator. 

H , - » Hard surfaced runway, normally all-weather. 

Si... Normally sheltered take off area for seaplanes. 
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FIGURE 300a.—Aecrodromezsvimbols. 
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called a homing beacon. A low power radiobeacon associated with an instrument 
landing system (ILS) is also called a compass locator station. The chart symbols for 
a radiobeacon are shown in figure 307b (Mexicali—lower right) and figure 309c (Julian— 
right center). 

A fan marker station transmits a narrow, vertical signal which can be received 
aurally or by a flashing light on the aircraft’s instrument panel. Fan markers are usu- 
ally located on the legs of a radio range about 25 or 30 miles out. from the range station. 
They are used for radio fixes, particularly in poor visibility. Fan marker symbols 
may be elliptical as at Oceanside (fig. 309c—center) or bone shaped as at Famoso 
(fig. 308b—left center). The advantage of the latter is that there is less uncertainty 
as to the time of arrival over the fan marker station, if near the center of its pattern. 

311. Aeronautical lights——Modern air navigation relies heavily upon radio aids 
whether or not landmarks are visible. Even though modern radio equipment is very 
reliable, it is still subject to failure due to mechanical, electrical, or atmospheric con- 
ditions. Consequently, familiarity with the chart symbols of navigational lights is 
essential, not only as a means of confirming radio information, but also as a primary 
means of navigation in the event of the absence or failure of radio at night. This is 
especially important in mountainous regions. 

In the United States the principal lighted aids to air navigation are the rotating 
lights (rotating beacons). These are located at aerodromes and at intervals along the 
more difficult portions of the civil airways. The symbols for such beacons are shown 
in figure 307b (airway—lower left) and at the San Luis Obispo aerodrome (fig. 309b). 
The lights on these beacons normally rotate clockwise at five revolutions per minute 
and emit a single or multiple beam. The beam is directed above the horizontal and 
appears as a sharply defined flash as it sweeps past an observer. Most of the rotating 
lights are white. However, colored beams are used to indicate the following: 


Color Significance 
Alternate white and red__________- Landmark. 
Alternate white and yellow_______- Lighted water aerodrome. 
Alternate white and green________- Civil land aerodrome (fig. 309b). 


Group flashing, 2 quick white and 1 Military land aerodrome (fig. 308b). 
green. , 


A distinction should be made between the rotating lights just described and the 
red lights indicating hazards or obstructions. Most radio masts, water towers, and 
other tall structures are marked by red lights, particularly if they are in the vicinity 
of an aerodrome. These lights are either fixed (showing a steady light) or flashing. 
A flashing light can usually be distinguished from a rotating light by the appreciable 
time required for the filament of the light source to heat up to full brilliance and then 
cool off when the electric current is interrupted. In addition, the moving beam of 
light from a rotating beacon is frequently visible from the air against the dark ground. 

312. Check points.—On cross country flights it is customary to select in advance 
some of the more prominent objects expected to be sighted along the course, and to 
note on the chart the estimated time of arrival (ETA) at each of them. These are called 
check points because they serve to confirm or deny the track and predicted ground 
speed of the aircraft. If the aircraft is seen to be over a check point or other recognized 
object, a pinpoint fix is established. A check point is usually some object that can be 
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seen from flight altitude under the expected meteorological and daylight conditions, 
although the phrase is sometimes applied to a point determined by electronic means, 
as the intersection of two radio beams. A check point at which a radio position report 
is made is called a reporting point. 

The selection of visual check points in advance depends upon the nature of the 
flight. Thus, a large river is usually conspicuous in daylight at all altitudes, assuming 
no undercast exists. But an isolated group of buildings as an observatory, which is 
an excellent check point at 3,000 feet, might easily be missed at 20,000 feet. Large 
cities are good check points both in the daytime and at night since street and neon 
advertising lights can be seen for a great distance. Smaller cities also serve, if they are 
so widely separated that no mistake in identification is probable. 

A coastline is of interest to an air navigator because the time of crossing gives a 
clue to ground speed. Frequently the point of crossing can be positively identified by 

the configuration of nearby islands, bays, river mouths, etc. If visibility beneath the 
~ aircraft is good, a major coastline can be seen from all altitudes in the daytime and also 
frequently by moonlight. 

Most aerodromes are good check points because they are visible over a wide area 
from most altitudes, the runways and buildings usually have good identifying char- 
acteristics, and at night the rotating light installed at large aerodromes is conspicous 
even against the background of city lights. 

Summarizing, the reason for selecting check points before take-off is to assure that 
any departure from the predicted track or ground speed will be detected promptly. 
The objects selected are those most likely to be seen and identified at flight altitude and 
under the expected conditions of visibility. 

313. Estimating distance.—The ability to estimate distance is more a matter of 
skill and experience than of rules. However, the following may be of assistance: 

One method of estimating distance is to compare it with the distance separating 
two other points as measured on the chart. Another method is to estimate the angle 
between the horizontal at the aircraft and the line of sight. This is called the angle 
of depression. The distance in feet is equal to the absolute altitude of the aircraft in 
feet times the cotangent of the angle of depression. If the angle of depression is 45°, 
the distance equals the altitude; if the angle is 30°, the distance is approximately 1.7 
times the altitude; and for 60°, it is 0.6 times the altitude. (See fig. 313.) 

It is sometimes possible to make a mark on the windshield or window to assist the 
pilot-navigator in estimating the depression angle. If a B-3 or equivalent drift meter 
is available, the complement of the angle of depression can be measured accurately by 
use of the trail sight control. (See art.608.) This can be converted to angle of depres- 
sion by subtracting it from 90°, or it can be used directly by using the tangent instead 
of the cotangent of the angle. It is to be remembered, however, that the computed 
distance is no more accurate than the absolute altitude (art. 420) above the landmark. 

As used here, distance refers to the horizontal distance between a landmark and 
the point directly beneath the aircraft. This is the distance which is plotted on a 
chart. It is not the length of the line of sight, called slant range. 

314. Visual lines of position.—It is sometimes possible to use a ground object 
to establish a line of position (LOP), more fully discussed in article 902. If the air- 
craft is seen to be over a recognized river or railroad, for example, the ground object 
becomes a line of position and can be advanced or retired in the customary manner. 

691-651°—63—_5 
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The course of a large river can sometimes be averaged visually over a short distance 
and this direction treated as a line of position. A coastline often serves as an excellent 
LOP. 

If two ground objects are seen to be in line from the aircraft, they form a range. 
A line joining the charted positions of the objects in range is a very accurate line of 
position at the time of observation, and no measurement of direction is needed. 
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Figure 313.—Distance by angle of depression. 


CHAPTER IV 
INSTRUMENTS 


Introduction 


401. Kinds of instruments.—Instruments mechanically measure physical quantities 
or properties, and their indications need interpretation. Much of a navigator’s work 
consists of applying corrections to the indications of his instruments and interpreting 
the results. A good navigator becomes familiar with the capabilities and limitations 
of his instruments. 

The principal information an air navigator receives from instruments Is: 
1. Time. 2. Direction. 3. Temperature. 4, Altitude. 5. Speed. 
In this chapter some of the basic indicators are introduced. The more complicated 
instrumentation which makes accurate, long-distance navigation possible is discussed 
in chapter XXV. 
Time 


402. Navigational watches.—Accurate time is essential to a navigator’s work. 
It is measured by a watch or clock, devices whose indications are presumed to increase 
uniformly with time. 

The three standard types of watches used in air navigation are the master naviga- 
tion watch, the navigational stop watch, and the wrist watch. A master navigation 
watch (fig. 402) has a sweep-second hand and a 24-hour dial. It is usually enclosed 
in a strong wood or metal watch box lined with rubber to minimize shock. The box 
has a window through which the watch can be read. This watch is customarily set to 
Greenwich mean time and, when carefully regulated, is very accurate. Some types 
have a mechanism for setting the second hand to permit precise adjustment. When 
the winding crown is disengaged, the watch stops, starting again instantly when the 
crown is pushed in. Such a watch is set by retracting the crown when the second hand 
is on zero, setting the hour and minute hands to a convenient time, and pushing the 
crown in at the time indicated by the watch. 

A navigational stop watch has a 12-hour dial (fig. 402). A sweep-second hand 
starts from zero when the control plunger is pressed, and stops when the plunger Is 
pressed again. A small dial indicates the number of whole minutes the second hand 
has moved. A third pressure on the plunger returns both the sweep-second hand 
and the small hand to zero. The conventional hour, minute, and second hands are 
not affected by the stop mechanism. 

Wrist watches are conventional except that preferably they have sweep-second 
hands and luminous hands and dials. 

403. Watch errors arise principally from (1) incorrect setting, (2) incorrect rate, 
(3) variable rate. A watch should be set accurately. Navigators usually try to sct 
their watches so that the second hand is on zero when the minute hand is on a whole 
minute (fig. 403). If the minute hand indicates a whole minute, as 18, when the second 
hand reads 30 seconds, there may be doubt as to whether the exact time is 17™30° or 
18™30° past the hour. Some watches which lack the second-setting mechanism can 
be stopped temporarily when the second hand is on zero by applying a slight back 


pressure to the winding stem. 
61 
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Ficure 403.— Correct and incorrect watch setting. 


After being accurately set, a watch should continue to register exact time. Usually, 
however, a watch gains or loses a little each day. The number of seconds gained or 
lost per day is called its daily rate. The daily rate of a good master navigational watch 
should be no more than 5 seconds. 
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Of much more importance than the size of the daily rate is its uniformity. One 
great difference between a good watch and a poor one is the variable rate of the latter. 
Even though a watch has a daily rate of 48 seconds (2 seconds per hour), it can still be 
used for accurate work if the rate is steady and uniform. The exact time is found by 
multiplying the number of hours since it was last set by 2, and applying this as a 
correction to the watch reading. However, if the rate is variable, the watch is useless 
for anything but approximations. Most wrist watches have variable rates because 
of the motions and shocks to which they are subject. 

404. Time signals.—The United States and many foreign countries broadcast 
accurate time signals by radio. These signals are easily received in flight from almost 
any location, providing a check on the accuracy of the timepieces in use. 

Probably the most convenient signals for navigational use are those of the National 
Bureau of Standards. Standard time signals are transmitted from radio station 
WWYV, Washington, and station WWVH, Hawaii. They are available on any radio 
receiver capable of receiving voice on 2,500 kc, 5,000 ke, and multiples of 5,000 ke up to 
25,000 ke (25 mc). An audible tone is interrupted each five minutes. During the 
interruption, GMT is given in code, followed by a voice announcement (WWYV only) 
of eastern standard time. The tone returns (at a different pitch) exactly on the 
instant stated in the announcement. The audible tone is at a standard pitch, 440 
cycles and 600 cycles during alternate 5-minute periods. The resumption of the tone 
after each interruption is synchronized with master clocks at the U. S. Naval 
Observatory and is accurate to a small fraction of a second. The beginning of the 
tone marks the exact instant indicated. 

Standard time signals are also available from U. S. Naval Radio Station NSS in 
both the low and high frequency bands. These signals, however, can be received only 
on @ communication type radio receiver. A complete description of radio time signals 
throughout the world is given in Radio Navigational Aids, H.O. Pub. No. 117, published 
by the U. S. Navy Hydrographic Office. 


Direction 





405. Direction information.—The second type of information which a navigator 
needs is direction, which is obtained from a compass. There are several types of 
compasses, both magnetic and nonmagnetic, but only the standby magnetic and the 
Magnesyn compasses are discussed in this chapter. Additional types are covered in 
chapter XXV. 

406. Magnetism.—It has long been known that some substances have the power 
to attract pieces of iron. As early as 600 B.C., Thales of Miletus is supposed to have 
described the property of lodestone, a natural magnetic oxide of iron which is found 
in many localities. 

If a slender rod or needle of magnetized iron is pivoted at its middle, it rotates 
until one end points in a northerly direction. The fact that it is always the same end 
that points north led to that end being called the north end or north pole of the magnet. 
The other end of the rod is called the south pole. Thus, a magnetized rod, free to turn 
in a horizontal plane, becomes a simple compass. 

When two magnets are held near each other, the north pole of one repels the north 
pole of the other, and attracts its south pole. Hence the rule, like poles repel, unlike 
poles attract. 

407. Earth’s magnetic field.—The earth has some of the properties of a bar 
magnet, but its magnetic poles are not at the geographic poles, nor are they antipodal 
to each other. In 1960, the north magnetic pole was located at latitude 74°9 N and 
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Figure 407.—The earth’s magnetism. 


longitude 101°0 W, approximately, northward of Prince of Wales Island. Thesouthern 
pole was at latitude 67°1 S and longitude 142°7 E, approximately, in the northeastern 
part of Wilkes Land. 

The earth’s magnetic poles, like the poles of any magnet, can be considered con- 
nected by a number of lines of force. These lines result from the magnetic field which 
envelops the earth, and any one of them may be visualized as the line, in space, along 
which a frecly-suspended magnetized needle would point if its indications were followed 
in moving from one pole to the other. A magnetized needle restricted to movement 
in the horizontal (a magnetic compass) would point along a line, on the surface of the 
earth, called a magnetic meridian, in moving from one pole to the other. 

If the earth were perfectly symmetrical and magnetically homogeneous, its mag- 
netic poles would be 180° apart and its magnetic meridians would be great circles 
joining these poles. This is not the case, however, and magnetic meridians are irreg- 
ular curves. At the height of the aurora, the magnetic field is more uniform. The 
poles of this field, called geomagnetic poles, are 180° apart. See article 2618. 
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At the magnetic poles the direction of the magnetic field is vertical, and at the 
magnetic equator, roughly half way between them, its direction is horizontal. The 
difference between the direction of the earth’s field and the horizontal at any point is 
called magnetic dip. Only the horizontal component of the total intensity is effective 
as a directive force for a magnetic compass, which loses its usefulness near the magnetic 
poles because of the weak horizontal component there. In figure 407 the lengths of 
the arrows represent the approximate strengths of the horizontal and vertical compo- 
nents and total intensity at several positions. 

Since the north pole of a compass magnet is historically the north-seeking pole, 
and since unlike poles attract each other, the north magnetic pole of the earth is south 
magnetically. To avoid ambiguity, the north-seeking pole of a compass magnet is 
named the red pole, and frequently is painted red. The south-seeking pole is called 
the blue pole, and may be so painted. The red pole of a compass magnet is attracted 
by the blue, north magnetic pole of the earth. 
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Ficure 408.— Magnetic stand-by compass. 


408. The magnetic compass.— Basically, the magnetic compass is a magnetized rod 
pivoted at its middle, but several features have been incorporated in its design to im- 
prove its performance. Figure 408 shows one type of aircraft stand-by magnetic 
compass. The magnets (there are usually more than one) are secured horizontally to 
a short cylinder or truncated cone of non-magnetic material, called a compass card, 
which is marked at every degree and numbered every 30°. Since readings are taken 
from the after side of the card, 000° is at the south end of the magnets. A reference 
line, called a lubber’s line, is rigidly fixed in the case and turns with the aircraft. The 
magnets carrying the card are balanced on a pivot at the bottom of the compass case, 
which has a window on the after side so that the card can be seen. The case is filled 
with liquid which steadies the card in flight and partially floats it, yet allows it to turn 
freely. The card is illuminated for night use. Also in the case are small movable 
magnets which can be adjusted to neutralize much of the local magnetic influence. 

As the aircraft turns in flight, the lubber’s line moves around the card. The earth’s 
magnetic field keeps the card from moving. Since many beginners become confused 
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on this point, it is worth repeating that it is the /ubber’s line which moves during a turn, 
not the card. The reading of the compass card under the lubber’s line indicates the 
heading of the aircraft. 

An instrument panel location of a magnetic compass is undesirable because of the 
proximity of magnetic disturbances. To overcome this, and to provide heading 
indication at various places throughout an aircraft, remote-indicating compasses have 
been devised. These are located at favorable positions, usually the tail or outer 
part of a wing. These compasses transmit headings to various locations in the aircraft 
by means of repeater indicators. 

The remote-indicating magnesyn compass is relatively free from magnetic disturb- 
ance, but is subject to certain errors resulting from motions of the aircraft. In most 
military aircraft it has been replaced by more advanced compasses utilizing gyro 
stabilization. Among these are the gyro Flux Gate, the G-2, and the N-1, which are 
discussed in chapter XXV. 

409. Compass error.—It has been stated (art. 407) that the earth’s magnetic poles 
are joined by irregular curves called magnetic meridians. The angle formed at any 
point between the magnetic meridian and the geographic meridian is called the variation 
at that point. It is labeled east or west as the northern arc of the magnetic meridian 
lies to the east or west, respectively, of the geographic meridian. (See figs. 409a and 
409b.) Lines connecting points having the same variation are called isogonic lines. 
These are printed on Hydrographic Office Chart No. 1706, shown in simplified form in 
figure 410a. Variation is an error which must be corrected if a compass indication is 
to be converted to a true direction. 

Another error with which a navigator is concerned is caused by nearby magnetic 
influences, as those related to magnetic material in the structure of the aircraft, and 
electrical circuits. These magnetic forces deflect a compass needle from its normal 
alignment with a magnetic meridian. The amount of such deflection is called devi- 
ation which, similar to variation, is labeled east or west as the red end of the compass 
needle is deflected to the east or west, respectively. 

Both variation and deviation are expressed in degrees, and the net result of both is 
called compass error. If variation and deviation have the same name, they are added 
to obtain compass error. If they have different names, the smaller is subtracted from 
the larger and the difference given the name of the larger. (See fig. 409c.) Occasion- 
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FicureE 409a.—Easterly magnetic variation. Ficure 409b.— Westerly magnetic variation. 
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Ficure 409c.—Effect of compass error. 


ally, variation and deviation are labeled (+) if east, and (—) if west. In this case, 
compass error is the algebraic sum of the two errors. 


Example 1.— 

Given.—Variation 7° west, deviation 2° west. 

Required.—Compass error. 

Solution.—7° W+2° W=9° west. 

Example 2.— 

Given.—Variation (—)2°, deviation (+)5°. 

Required.—Compass error. 

Solution.—(— )2°+5°=(+ )3°. 

Article 107 stated that heading is measured from a reference direction. A heading 
indicated by a magnetic compass is called compass heading (CH), since it is referred 
to north as indicated by a magnetic compass. Compass north differs from true north 
by the amount of the compass error (variation +deviation). For example, if the air- 
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craft is heading 060° by compass, and the compass error is 5° west, the compass card 
has been deflected 5° counterclockwise so that even though it reads 060°, the true 
heading (TH) is only 055°. . 

Figure 409c illustrates the effect of compass error. If compass error is west, the 
card reads too much; if compass error is east, the card reads too little. When a navi- 
gator needs to know the true heading, he must add the amount of the error to the 
compass heading if the error is east, and subtract it if itis west. If he desires to convert 
a true direction to a compass direction, he must add the amount of westerly error and 
subtract the amount of easterly error. 

Sometimes it is desired to refer to the direction of a magnet influenced only by 
the earth’s magnetic field. Such a direction is called magnetic. Thus, a magnetic 
heading (MH) differs from a true heading by the amount of the variation, and from a com- 
pass heading by the amount of the deviation. Deviation applied to a compass direction 
gives a magnetic direction, and variation applied to a magnetic direction produces a 
true direction. One way to remember this is to make headings of the first letters of 
the words “compass,” “deviation,” “magnetic,” “variation,” and “true.” The order 
can be remembered by making a sentence with the initials. Thus, 


C D M V T 
(Can) (Dead) (Men) (Vote) (Twice) 


If a compass reading is being corrected, easterly error (deviation or variation) is addi- 
tive. Hence, when correcting add east. The reverse process—finding a compass head- 
ing from a true heading—is called uncorrecting. 


Example 3.— 
Given.—Compass heading (CH) 257°, variation 3° W, deviation 10° EK. 
Required.—Magnetic heading (MH) and true heading (TH). 
Solution.—Make a table and fill in the given data as shown below (answers in bold 
faced type): 
C D M V T 
257 10° E 267° 3° W 264° 


Since this is a case of correcting, easterly errors are added, MH being 267°. If easterly 
error is added, westerly error must be subtracted; hence, TH is 264°. 


Erample 4.— 
Given.— TH 168°, deviation 5° W, variation 12° E. 
Required.—MH and CH. 


Solution.—Following a similar procedure, but this time uncorrecting: 
C D M V T 
161° 5° W 156° 12° EF 168° 
The following couplet may be helpful in remembering when to add: 


True to compass it is best 
To add the error if it’s west. 
If the true would be released, 
Add the error if it’s east. 


It is always valid that whenever the compass error is west, the compass heading will 
be more than the true heading. 

410. Obtaining variation and deviation.—Variation has been measured at a great 
many places throughout the world, and the values so found have been plotted on charts. 
For convenience, isogonic lines have been drawn through all points having the same 
variation. Such a chart is shown in figure 410a. Isogonics are also printed on most 
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charts used in air navigation so that if an air navigator knows his approximate location, 
he can determine the amount of variation by visual interpolation between the printed 
lines. Variation changes slowly over a period of years and the yearly amount of such 
secular change is printed on most charts. Variation is also subject to small diurnal 
(daily) changes which may generally be neglected in air navigation. 

Since deviation depends upon the distribution of magnetic forces in the aircraft 
itself, deviation must be obtained individually for each magnetic compass on each 
aircraft. The process of determining deviation, known as swinging, is fully discussed 
in the operational handbook for each individual compass. Deviation varies with 
heading. One reason for this is shown in figure 410b. 


Magnetic 
North 
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Figure 410b.— Deviation changes with heading. 


Suppose, for example, that the net result of all of the magnetic forces inherent 
in an aircraft can be represented by a red pole in the longitudinal axis and aft of the 
compass. If the aircraft is headed toward magnetic north, the axial red pole attracts 
the blue pole of the compass, but, on this heading, does not change its direction. The 
only effect is to augment the directive force of the earth’s field. Suppose, now, that 
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the aircraft heads east magnetic. Reference to figure 410b shows that the red, axial 
pole is now west of the compass, in which position it attracts the blue compass pole 
and repels the red pole, causing easterly deviation. The figure also shows that the 
deviation on south is zero (diminishing the directive force) and westerly when the 
aircraft is headed west. Deviation can be reduced by changing the position of the 
small compensating magnets in the compass case. However, it is usually not possible 
to remove all of the deviation on all headings. After such residual deviation has been 

determined, it is recorded on a 


CORRECTION CARD AIRCRAFT COMPASS deviation card which shows the 
Compass No.//784Z Plane No. /68 Date//-7-5/Lat. 30¢W actual deviation on various head- 


Meading 0 [15 |30] 45/60] 79 90105 120/135 |150|165| ings or, more frequently, the com- 


Heading ((2:0/7 (035 052: 066-082:0%.1/! 125 /40:154.169, pass headings for various magnetic 
“rasel@0\65|20pspetpsepropasand safes Nese a in Sure 4100,” Using 
Compass Daslzes oe the latter form, the pilot knows 
Heading 81 \95,208)272 25/\087 265 298 314 330348 that in order to fly a magnetic 
Reuiiue’ of 210° “lor exaninlo, he 


Fiaure 410c.—Compass correction card. must steer 235°. Deviation cards 
should be mounted near the com- 
passes to which they refer, with copies convenient to the navigator. 

411. Errors in flight.—Unfortunately, variation and deviation are not the only 
errors of a magnetic compass. Additional errors are introduced by the motion of the 
aircraft itself. These errors may be classified as: 

1. Northerly turning error. 
2. Speed error. 

3. Heeling error. 

4. Swirl error. 

Northerly turning error is maximum during a turn from a north or south heading, 
and is caused by the action of the vertical component of the earth’s field upon the 
compass magnets. When the aircraft is in straight and level flight, the compass card 
is balanced on its pivot in approximately a horizontal position. In this position the 
vertical component of the earth’s field is not effective as a directive force (fig. 411(a)). 





(a) (5) 


nN sity 
a 


FicureE 411.—(a) Compass card in normal position. (b) On turn from a north or are heading the 
red end of the compass magnet is deflected downward. 
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However, if the aircraft ison a north heading (in the northern hemisphere) and turns 
to the right in a properly banked attitude, the compass card also banks for the same 
reason that liquids in a container will not spill. As shown in figure 411(b), the 
vertical component of the earth’s field, illustrated by the blue pole, now causes the 
compass card to rotate toward the right (east). This temporary deflection is called 
northerly turning error. Had the turn been to the left, the error would have been 
westerly; if the turn had been made from a heading of south, the direction of the above 
errors would be reversed. It should be apparent that precise turns are difficult by 
reference tosuch acompass. This error can be virtually eliminated by using a gyroscope 
to stabilize the compass. 

If an aircraft flying straight and level on an east or west heading changes speed, the 
compass card tends to tilt forward or aft just as a liquid rises up the side of its container. 
The vertical component then has an effect as in a turn, causing an error which is like 
northerly turning error and which is known as speed error. If an aircraft is flying 
straight but in a banked attitude, a heeling error may be introduced due to the changed 
position with respect to the compass magnets of the small compensating magnets in 
the case and other magnetic fields within the aircraft. The heading on which it is 
maximum depends upon the particular situation. Finally, swirl error may occur 
when the liquid within the compass case is sect in rotation during a turn. 

Although a magnetic compass has numerous shortcomings, it is simple and reliable 
and does not need a source of power which may become unavailable at critical moments. 
The stand-by compass is a source of great assurance to both navigator and pilot 
and is carried in all aircraft, if only as an auxiliary. 


Temperature 


412. Thermometers.—In the United States temperatures are usually expressed 
in terms of the Fahrenheit scale (° F). On this scale, fresh water freezes at 32° and 
boils at 212° under standard conditions. In aviation, temperature is customarily 
measured on the Celsius scale (° C).! Measured by the Celsius scale, fresh water 
freezes at 0° and boils at 100°. Although aircraft thermometers are usually cali- 
brated in ° C, it is sometimes necessary to interconvert Fahrenheit and Celsius tem- 
peratures. The following formulas may be used: 


Of 290 
°F —1.8X%°C432° oe 


Example 1.— 


Given.—Temperature 15° C. 
Required.—Fahrenheit temperature. 
Solution.—° F=1.8X° C+32° 

=1.8X 15°+32° 

== 27° 4-32” 

= 59° F, 


1 The ninth General Conference of Weights and Measures, held in October 1948. adopted the name Celsius in place of centigrade in 
honor of its originator Anders Celsius (1701-1744), a Swedish astronomer who devised the scale in 1742, but the old terminology is 
still widely used in the United States. 
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Exyample 2.— 
Girven.—Temperature(—)40° F. 
Required.—Celsius temperature. 
; °F —32° 
Solution.—° CS 6 
_ (—)40°—32° 


7 1.8 
(—)72° 


1.8 
=(—)40°C. 


Thus, Fahrenheit and Celsius scales are identical at (— )40° (approximately the freezing 
point of mercury), a useful fact to remember. 

Temperature is sometimes expressed in degrees Kelvin (°K), particularly in com- 
putations involving gases. On this scale, 0° K is absolute zero, fresh water freezes 
at 273°16K and boils at 373°16K. To convert °C into ° K approximately add 273° 
to the Celsius value. Thus, 15° C=273°+15°=288° K. 

The Fahrenheit equivalent of the Kelvin scale is the Rankine scale (CR). A temper- 
ature in °F is converted to °R by adding 459.7. Thus 59° F=518°7 R. To inter- 
convert Kelvin and Rankine scales, multiply a Rankine temperature by 5/9 or a Kelvin 
temperature by 9/5. 

In the measurement of air temperature from an aircraft in flight, a portion of the 
thermometer projects into the air stream. This is satisfactory for slow speeds. At high 
speeds, frictional heating is perceptible. In addition, the air on the forward side of the 
thermometer fitting is compressed, and hence is warmer than the free air stream. 
Neglecting friction, the true temperature for any speed is given by: 


where: 
T= true temperature, °R 
T,=indicated temperature, °R 
y=a constant=1.4 for air 
qg= acceleration due to gravity=32.2 ft./sec.? (approx.) 
R=a constant of conversion=53.3 
V=true air speed in ft./sec. 
If Mach number, M (art. 432) is known, this equation simplifies to: 
T, 
™ T0217 
where T and 7, are both in the same absolute units. Introducing conversion factors 
for various units, the temperature decrease applicable to indicated temperature is given 
by one of the following formulas: 


Temp. decrease V in knots Vin mph. M 
A es ) ( V y 0.27, Me 
87.1 100.3 1+0.2Af? 
oF (as) ee 5 0.2 7,.ME* 
64.9 74.7 1+0.2.\_ 


*T ,=Indicated temperature in ° A=273.16+°C 
**7T =Indicated temperature in ° R=459.7+°F 
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Example 3.—Observed temperature is (—) 17° C at Mach 0.408. 
Required.—The true temperature in °C. 
Solution.— 

T; 256 256 


T= ae +i (0.2% .1665) +1 ~ 1.0333 ~747°8 Bat )202C 


Answer.—True temperature (—) 25°2 C. 

Example (4).—An aircraft is flying at a true air speed of 250 knots (equivalent to 
Mach 0.408 in example 3). The observed temperature reading is (—) 17° C. 

Required.—The true temperature in ° C. 

Solution.— 


2 
Temperature decrease=(— 7) =( zou 


2 
ay) =82 C. 
(—) 17—8.2=(—) 25°2 C. 

Answer.—True temperature (—) 25°2 C. 

Note that either Mach number or true air speed must be known if true temperature 
is to be obtained. 

Table 412 gives the true air temperatures corresponding to the entering values of 
indicated temperature and Mach number. 


TaBLE 412.— Temperature corrected for compressibility 


Mach number Indicated 
temperature ee pata 
Cc 0.3 0.4 0.5 0.6 0.7 0.8 | 0.9 1.0 re 
| 
— 45 — 49.03 |—52.07 |—55. 86 '—60. 31 |—65. 35 |—70. 87 '— 76. 79 |—83. 00 —45 
— 40 — 44.12 |—47. 22 |—51. 10 _— 55. 65 '—60. 80 |— 66. 44 |—72. 48 |—78. 83 — 40 
— 35 — 39. 21 |— 42. 38 |—46. 33 |—50. 99 |— 56. 24 |—62. O01 |—68. 18 |—74. 67 —35 
— 30 — 34. 30 |—37. 53 |—41. 57 |— 46. 32 |—51. 69 |—57. 57 |—63. 88 |—70. 50 — 30 
—25 — 29. 39 |—32. 69 |—37. 81 |;—41. 66 |—47. 13 |—53. 14 |—59. 57 |—66. 33 —25 
— 20 — 24. 47 |—27. 84 |—32. 05 |—36. 99 |— 42. 58 |—48. 71 |—55. 27 |—62. 17 — 20 
—15 —19. 56 |—23. 00 |—27. 29 |—32. 33 |— 38. 03 |— 44. 28 |—50. 97 |—58. 00 —15 
—10 — 14. 65 |—18. 16 |—22. 52 |—27. 66 |—33. 47 |—39. 84 |—46. 67 |— 53. 83 —10 
— § — 9.74 |—13. 31 |—17. 76 |—23. 00 |—28. 92 |—35. 08 |—42. 36 |— 49. 67 — § 
0 — 4.83 |— 8. 47 |—13. 00 |—18. 34 |—24. 37 |—30. 98 |—38. 06 |— 45. 50 0 
5 0.08 |— 3.62 |— 8 24 |—13. 67 |—19. 81 |—26. 55 |—33. 76 |—41. 33 5 
10 5. 00 1.22 |— 3.48 |— 9.01 |—15. 26 |—22. 11 |—29. 45 |—37. 17 10 
15 9. 91 6. 07 1.29 |— 4. 34 |—10. 70 |—17. 68 |—25. 15 |—33. 00 15 
20 14. 82 10. 91 6. 05 0.32 |— 6.15 |—13. 25 |—20. 85 |—28. 83 20 
25 19. 73 15. 76 10. 81 4.99 |— 1.60 |— 8. 82 |—16. 55 |— 24. 67 25 
30 24. 64 20. 60 15. 57 9. 65 2.96 |— 4.38 ;—12. 24 |—20. 50 30 
35 29. 55 25. 45 20. 33 14. 31 7. 51 0.05 | —7. 94 |—15. 33 35 
40 34. 47 30. 29 25. 10 18. 98 12. 06 4.48 |— 3.64 |-—12.17 40 
Altitude 


413. Earth’s atmosphere.—The ocean of air surrounding the earth is perhaps 500 
miles deep. The column of air from the carth’s surface to the top of the atmosphere 
above each square inch (approximately the size of a postage stamp) weighs about 14.7 
pounds. Normally, man is not conscious of pressure caused by this weight because the 
air inside him is pressing outward by the same amount that the air outside 1s pressing 
inward. If, however, he is lifted, as in an aircraft, he becomes conscious of the change 
in outside pressure, and at high altitudes he must take special precautions if he is to 
survive. 
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It is convenient to consider the earth’s atmosphere in several layers. See figure 
413. The lowest layer, extending about 6 to 7 miles above the earth’s surface, is 
called the troposphere. Practically all of the clouds, dust, water vapor, and general 
turbulence are contained within this layer. At sea level the air is a mixture of 77 per- 
cent nitrogen, 21 percent oxygen, 1 percent other gases (principally argon), and 1 
percent water vapor. At the top of the troposphere, the mixture is approximately 79.5 
percent nitrogen, 19.5 percent oxygen, and 1 percent other gases, water vapor being 
practically nonexistent. The temperature in the troposphere decreases somewhat 
uniformly with altitude to about (—)56°5 C. 

The atmosphere above the troposphere is commonly called stratosphere. The 
temperature in the stratosphere remains constant at about (—)56°5 C to a consid- 
erable height. The boundary between the troposphere and the stratosphere, called the 
tropopause, is not sharply defined. The region near the tropopause is being investigated 
actively and numerous unexpected features have already been discovered, of which per- 
haps the most interesting to air navigators are jet streams. These relatively 
small streams of air immersed in the general circulation have horizontal speeds 
of more than one hundred miles per hour. The speed and direction of flow depends 
upon the distribution of temperature and pressure in the atmosphere. Jet streams 
are becoming of increasing importance in long-distance, high-altitude navigation. The 
tropopause varies in altitude both seasonally and with respect to geographic latitude. 
It is usually higher in summer than in winter and in the tropics than in polar regions. 

414. Upper atmosphere.—Intensive, high-altitude exploration by means of sound- 
ing balloons, rockets, and observation of shell bursts, together with the increasing 
development of reliable electronic, electromagnetic, and acoustic experimental tech- 
niques, is rapidly enlarging our conception of the upper atmosphere. It is now believed 
that temperature varies with height approximately as shown in figure 413. Several 
distinct layers, of which the stratosphere is one, are recognized, but general agreement 
has not yet been reached on either the names, limits, or defining characteristics of these 
layers. One region beyond the stratosphere, the ionosphere, is of particular interest 
in electronic navigation. This is a region extending approximately from 45 to 250 
miles, in which gaseous atoms become ionized and which contains an increased 
number of free electrons. This region is subdivided into layers characterized by the 
number of ions and free electrons which they contain. The thickness and degree of 
ionization of these layers governs the refraction of radio waves. (See ch. XI.) The 
D-layer is the lowest (about 45 miles) and is present mostly during daylight, disappearing 
at night. Its principal effect is to absorb much of the energy of radio waves. The 
E-layer (Kennelly-Heaviside layer) is a region of increasing ionization due to solar 
radiation. At about 60 miles in this region there is an essential change in the atmos- 
pheric structure. The wind shifts from easterly to westerly. In this region, also, have 
been found meteor trails and noctilucent clouds, faintly luminous clouds occasionally 
seen at great height during twilight. Here also have been found dust clouds from the 
eruption of Krakatoa volcano and from the fall of the great Siberian meteor. 

Above the E-layer is the F-layer (Appleton layer) in which the air is so thin that 
recombination of ions and electrons takes place very slowly, resulting in continuous 
strong ionization. During the daytime the F-layer divides into two sublayers, the 
F,-layer beginning at approximately 90 miles, and the F;-layer beginning at approxi- 
mately 125 miles. These two layers reach their most ionized state at about noon and 
merge again at sunset to become the F-layer, ionization of which decreases during the 
night and reaches & minimum just before sunrise. 

691-651 ° 63-6 
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Beyond the ionosphere, the atmosphere is believed to become more and more tenu- 
ous until it merges with interplanetary space. In the outer regions, the gases are so 
thin that little radiant energy from the sun is absorbed. High temperatures are be- 
lieved to prevail and the few atoms that exist are intensely energized. There are 
theoretical grounds for believing that a critical level exists within which a neutral atom 
is held captive by the earth’s gravitational field and beyond which, if it has sufficient 
energy, it escapes in an elliptical orbit. If an atom has become electrically charged 
by losing or gaining one or more electrons, the critical level is that at which atoms 
having maximum energy would just escape from both the gravitational and the mag- 
netic fields of the earth. 

415. Atmospheric pressure and density.—If a pressure gauge is connected to a 
closed container full of air at sea level, the gauge reads zero because the pressure inside 
the gauge is the same as the pressure outside, 14.7 pounds 
per square inch. If the gauge and the confined air are 
raised, the pressure outside the gauge becomes less 
but the pressure inside remains the same, so that the 
reading of the pressure gauge increases, since @ pres- 
sure gauge measures the difference between the pressures 
on the inside and the outside of the gauge. As altitude 
increases, the pressure difference becomes greater until 
at the top of the atmosphere the gauge would show a 
pressure difference of 14.7 pounds per square inch be- 
cause the pressure inside the container would be 14.7 
pounds per square inch and the pressure outside would 
be zero. 

Atmospheric pressure is measured by a barometer, 
an elementary form of which is shown in figure 415. A 
long tube closed at one end and filled with mercury is 
inverted over a dish containing enough mercury to 
cover the open end. The mercury in the tube drops 
until the weight of the column of mercury remaining 
in the tube exactly balances the weight of air from the 
dish up to the top of the atmosphere. The weight of 
any substance in a unit of volume at a standard tem- 
perature is called its density. The density of mercury 
at 0° C is 0.491 pounds per cubic inch (13.6 grams per Fiaure 415.—Mercurial barometer. 
cubic centimeter). If the tube has a cross-sectional 
area of 1 square inch, the length of the column of mercury multiplied by the density of 
the mercury will equal the weight of the mercury in the column, and hence the pressure 
of the air. The mercury column, on the average, is 29.92 inches long at sea level, 
so that if one cubic inch of mercury weighs 0.491 pounds, then 29.92 cubic inches 
weighs 14.7 pounds. Any change in atmospheric pressure is reflected in the height of 
the mercury column, so that if atmospheric pressure increases, more mercury is forced 
from the dish into the tube, and the height of the column increases. Regardless of the 
cross-sectional area of the tube, the weight of the mercury in the tube is equal to the 
weight of a column of air having the same area and extending from the surface of the 
mercury in the dish to the top of the atmosphere. 

The invention of this early type of barometer explains the curious measurement 
of pressure in terms of length units. Thus, if the pressure is 14.7 pounds per square 
inch, it is described as being 29.92 inches of mercury (abbreviated 29.92 in. Hg). 
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TaBLE 415a.—Standard atmospheric pressure—density—tem perature 





Standard Standard (Standard pres-| Standard Standard Mean tem- Standard 

Altitude (feet) pressure pressure sure (inches of density temperature perature temperature 

(Ibs./sq. ft.) (millibars) mercury) (ibs./cu. ft.) ‘ol C) (°C) ok) 

Sea level _-_- 2116 1013. 2 29. 92 0. 076 15. 0 15. 0 59. O 
1, 000____- 2041 977. 2 28. 86 0. 074 13. 0 14. 0 55. 4 
2,000 —__- 1968 942. 1 27. 82 0. 072 11. 0 13. 0 51.9 
3,000 —__- 1897 908. 1 26. 82 0. 070 9.1 12. 0 48. 3 
4,000 —_-_- 1828 875. 1 25. 84 0. 068 7.1 11.0 44.7 
5,000 __- 1761 843. 1 24. 90 0. 066 5. 1 10. 0 41.2 
6,000 __- 1696 812. 0 23. 98 0. 064 3. 1 9. 0 37. 6 
7,000 __- 1633 781. 8 23. 09 0. 062 1.1 8. 0 34. 0 
8,000 -_-_- 1572 752. 6 22. 22 0. 060 —0.8 7.0 30. 5 
9,000 —__- 1513 724. 3 21. 39 0. 058 —2.8 6. 0 26. 9 
10,000 —_-_- 1455 696. 8 20. 58 0. 056 —4.8 5. 0 23. 3 
11,000 ._-- 1400 670. 2 19. 79 0. 055 —6. 8 4.0 19.8 
12, 000. __-_- 1346 644. 4 19. 03 0. 053 —8. 8 2.9 16. 2 
13, 000__-_ -- 1294 619. 4 18. 29 0. 051 —10.8 1.9 12. 6 
14, OOO_. __- 1243 595. 2 17. 58 0. 050 —12.7 0. 9 9. 1 
15, 000_---- 1194 571. 8 16. 89 0. 048 — 14.7 —0. 1 5.5 
16, 000. _-_- 1147 549. 2 16. 22 0. 047 — 16.7 —1.2 1.9 
17,000 ___- 1101 527. 2 15. 57 0. 045 —18.7 —2.2 —1.6 
18, 000___-_- 1057 506. 0 14. 94 0. 044 — 20. 7 —3. 2 —5. 2 
19, 0OO___-- 1014 485. 5 14. 34 0. 042 — 22. 6 —4.3 —8.8 
20, 000_---- 972 465. 6 13. 75 0. 041 — 24. 6 —5. 3 —12.3 
21, 0OOO__-_-_- 932 446. 4 13. 18 0. 039 — 26. 6 —6. 3 —15.9 
22,000 .__- 894 427.9 12. 64 0. 038 — 28. 6 —7.4 —19.5 
23, 000_- --- 856 410. 0 12. 11 0. 037 — 30. 6 —8. 4 — 23. 0 
24, 000_._-_- 820 392. 7 11. 60 0. 035 — 32. 5 —9.5 — 26. 6 
25, 000-- - - - 785 376. 0 11. 10 0. 034 — 34. 5 —10.5 — 30. 2 
26, 000_-_-_-_- 752 359. 9 10. 63 0. 033 — 36. 5 —11. 6 —33. 7 
27, 000.._-- 719 344. 3 10. 17 0. 032 — 38. 5 —12.7 — 37.3 
28, 000-_-- - - 688 329. 3 9. 72 0. 031 — 40. 5 —13.7 — 40.9 
29, 000____- 658 314. 8 9. 30 0. 030 —42. 5 — 14.8 — 44.4 
30, OOO__ _- - 628 300. 9 8. 89 0. 029 — 44.4 —15.9 — 48.0 
31, 0O0O___-_. 600 287. 4 8. 49 0. 028 — 46. 4 — 16.9 —51.6 
32, 0OO____- 573 274. 5 8. 11 0. 027 — 48.4 — 18.0 —55. 1 
33, 000____- 547 262. 0 7. 74 0. 026 — 50. 4 —19. 1 — 58. 7 
34, 000_-___- 522 250. 0 7. 38 0. 025 — 52.4 — 20. 2 — 62. 2 
35, 000____. 498 238. 4 7. 04 0. 024 — 54. 3 —21.3 — 65. 8 
36, 000-__-_- - 475 227. 3 6. 71 0. 023 — 56. 3 — 22. 3 — 69. 4 
37, 000___-_ - 452 216. 6 6. 40 0. 022 — 56. 5 — 23. 3 — 69. 7 
38, 000. ___- 431 206. 5 6. 10 0. 021 — 56. 5 — 24. 3 — 69. 7 
39, 000____- 411 196. 8 5. 81 0. 020 — 56. 5 — 25. 2 — 69. 7 
40, 000__-__. 392 187. 5 5. 54 0. 019 — 56.5 — 26. 0 — 69. 7 
41, 000. ___- 373 178. 7 5. 28 0. 018 — 56.5 — 26. 8 — 69. 7 
42, 000. __- 356 170. 4 5. 04 0. 017 — 56. 5 — 27. 6 — 69. 7 
43, 000_____ 339 162. 4 4. 79 0. 016 — 56. 5 — 28. 3 — 69. 7 
44, 000. ___- 323 154. 7 4.57 0. 016 — 56.5 — 29. 0 — 69.7 
45, 000___-_- 308 147. 5 4. 35 0. 015 — 56.5 — 29. 6 —69. 7 
46, 000_-___- 294 140. 6 4.15 0. 014 — 56. 5 — 30. 2 —69 7 
47, 000_.__- 280 134. 0 3. 96 0. 013 — 56.5 — 30. 8 —69 7 
48, 000__._- 267 127. 7 3.77 0. 013 — 56. 5 —31.4 —69 7 
49, 000___-_- 254 121. 7 3. 59 0. 012 — 56. 5 — 31.9 — 69. 7 
50, OOO_-_ __- 242 116. 0 3. 42 0. 012 — 56. 5 — 32.4 — 69. 7 
51, 000_. __- 231 110. 5 3. 26 0.011 — 56.5 — 32.9 —69 7 
52, 0O0_____ 220 105. 3 3. 11 0. 011 — 56.5 — 33. 3 —69 7 
53, 000. . 210 100. 4 2. 96 0. 010 — 56.5 — 33. 8 — 69. 7 
54, 000.___- 200 95. 7 2. 83 0. 010 — 56. 5 — 34. 2 — 69. 7 
55, 000____- 190 91.2 2. 69 0. 009 — 56. 5 — 34. 6 — 69. 7 
56, 000_--_ - - 182 86. 9 2. 57 0. 009 — 56.5 — 35. 0 — 69. 7 
57, 0OO_. __- 173 82. 8 2. 45 0. 008 — 56. 5 — 35. 4 — 69. 7 
58, OOO_. _- - 165 79. 0 2. 33 0. 008 — 56. 5 — 35. 8 — 69. 7 
59, 000___-- 157 75. 2 2. 22 0. 008 — 56. 5 — 36. 1 — 69. 7 
60, OOO_. __- 150 71. 7 2. 12 0. 007 — 56. 5 — 36. 4 — 69. 7 
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TABLE 415b.—Standard altitude in feet for atmospheric pressure in inches of mercury 


el eee eel ee ee ee ee eee 


P 
(inches) 0. 00 
28.0 | 1, 824 
28.1 | 1,727 
28.2 | 1,630 
| 28.3 | 1,533 
| 28.4 | 1, 436 
| 28.5 | 1,340 
28.6 | 1,244 
| 28.7 | 1,148 
28.8 | 1,053 
| 28. 9 957 
i 29.0 863 
| 29. 1 768 
29. 2 673 
29. 3 579 
29. 4 485 
29. 5 392 
29. 6 298 
29.7 205 
| 29. 8 112 
! 29.9 20 
30.0 | —73 
| 30.1 | —165 
| 30.2 | —257 
' 30.3 | —348 
| 30.4 | —440 
| 30.5 | —531 
' 30.6 | —622 
| 30.7 | —712 
| 30.8 | —803 
| 30.9 | —893 
| 31.0 | — 983 
| 


0.01 | 0.02 
1, 814 | 1, 805 
1,717 | 1, 707 
1,620 | 1,610 
1, 523 | 1,513 
1, 427 | 1,417 
1, 330 | 1, 321 
1, 234 | 1, 225 
1,139 | 1, 129 
1, 043 | 1, 034 
948 | 938 
853 | 844 
758 | 749 
664 | 655 
570 | 560 
476 | 467 
382 | 373 
289 | 280 
196 187 
103 94 
10 +1 
—s2| —91 
—174 | —183 
—266 | —275 
—358 | —367 
—449 | —458 
—540 | —549 
—631 | —640 
—721 | —730 
—812 | —821 
—902 , —911 


— 992 ) —1,001 


0.03 | 0.04 
1,795 | 1, 785 
1, 698 | 1, 688 
1,601 | 1,591 
1, 504 | 1,494 
1, 407 | 1, 398 
1,311 | 1, 302 
1, 215 | 1, 206 
1,120 | 1,110 
1, 024 | 1,015 
929 | 919 
834 | 825 
739 | 730 
645 | 636 
551 | 542 
457 | 448 
364 | 354 
270 | 261 
177 | 168 
85 75 
2) 2247 
—100 | —110 
—192 | —202 
—284 | —293 
—376 | —385 
—467 | —476 
—558 | —567 
—649 | —658 
—740 | —749 
—830 | —839 
—920 | —929 





252 
159 
66 

— 26 
—119 
—211 
— 303 
— 394 
— 485 
— 576 
— 667 
— 758 
— 848 
— 938 


| 


‘—1,010 |;—1,019 |—1,028 


0. 06 


1, 766 
1, 668 
1, 572 
1,475 
1, 378 
1, 282 
1, 186 
1, 091 
995 
900 
806 
711 
617 
523 
429 
336 
242 
149 
57 

— 36 
— 128 
— 220 
—312 
— 403 
— 494 
— 585 
—676 
—767 
— 857 
—947 
—1, 037 


TaBLE 415c.—Standard 
heights of pressure surfaces 





Pressure 
(mbs.) 


1, 013. 2 
900 
800 
700 
600 
500 
400 
300 
200 
100 


| 
Peele 
2 | 
| 





Height 
(feet) 


0 
3, 241 
6, 393 
9, 879 
13, 795 
18, 281 
23, 564 
30, 052 
38, 665 
93, 181 











0. 07 


1, 756 
1, 659 
1, 562 
1, 465 
1, 369 
1, 273 
1,177 


—1, 046 


0. 08 


692 
598 
504 
410 
318 
224 
131 
38 

— 54 
— 146 
— 238 
— 330 
— 421 
—513 
— 604 
— 694 
— 785 
— 875 
— 965 
—1, 055 


0. 09 


1, 737 
1, 639 
1, 542 
1, 446 
1, 350 
1, 254 
1, 158 
1, 062 
967 
872 
777 
683 
589 
495 
401 
308 
215 
122 
29 
—63 
— 156 
— 248 
— 339 
— 431 
— 522 
—613 
— 703 
—794 
— 884 
— 974 
— 1,064 
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This primitive unit is still in standard use in altimetry. To establish a basis for com- 
parison, standard sea-level pressure is defined as 29.9213 in. Hg (=760 millimeters), 
from which pressure decreases with height at the standard sea-level pressure lapse 
rate as shown in table 415a. 

A more modern unit of atmospheric pressure, the millibar (mb), is defined as a 
pressure of 1,000 dynes per square centimeter. A pressure of 1 in. Hg=33.864 millibars 
and 1 mm. Hg=1.3332 mb. Standard pressure (29.9213 in. Hg)=1,013.25 mb. The 
millibar is the customary pressure unit used in meteorology. 

The density of the atmosphere affects the lift of a given airfoil. Hence the runway 
length required by conventional aircraft and the hovering characteristics of helicopters 
depend uponit. It must also be considered to obtain correct power settings. Density 
is expressed in various units as pounds per cubic foot (the unit commonly used by air 
navigators), or grams per cubic centimeter. In aerodynamics, the unit commonly used 
is the slug per cubic foot. One slug is defined as that mass to which a force of one pound 
willimpart an acceleration of one foot per second per second, and is approximately 
equivalent to 32.2 pounds (the numerical value of gravitational acceleration). In the 
atmosphere, standard sea-level density is 0.076 lbs./cu. ft. (=0.0023769 slugs/cu. ft.) 
decreasing with height as shown in table 415a. Density ratio (c) is the ratio 2 between 
the sea-level density (p)) and the density (p) at a given height. 

416. Temperature.—At sea level the standard temperature is arbitrarily defined 
as 15° C. Throughout the troposphere the standard (average) drop in temperature, 
the standard temperature lapse rate, is constant, decreasing 0°00198 C per foot, or 
approximately 2° per thousand feet. This places the height of the tropopause, when 
the temperature becomes — 56°50 C, at 36,089 feet. 

Above the tropopause, the temperature lapse rate becomes complicated. (See 
fig. 413.) 

The standard temperature at any height in the troposphere can be found by 
subtracting the drop, found by multiplying the altitude by the standard lapse rate, 
from the standard sea-level temperature. 

Thus: 

t= 15°—0.00198H 


in which ¢ is the temperature in °C, and H is the altitude in feet. At 10,000 feet the 
standard temperature is 15°— 10,000 X0°00198= 15°— 19°8= (— )4°8 C, which agrees 
with the value shown in table 415a. 

417. Standard Atmosphere.—An atmospheric model is essential as a standard of 
reference in theoretical studies and research, in evaluating the performance of guided 
missiles and aircraft, and in calibrating altimeters and other flight instruments. Such 
a model, known as the ICAO (International Civil Aviation Organization) Standard 
Atmosphere was adopted in 1952 by the National Advisory Committee for Aeronautics 
(NACA). This model supersedes the U. S. Standard Atmosphere adopted in 1925. 

Table 415a shows the standard atmospheric pressure at each 1,000 feet, to 60,000 
feet, in millibars and inches of mercury. The table also shows the standard density 
and temperature at each altitude, and the mean temperature of the air column between 
sea level and the given altitude. Table 415b shows the standard altitude in feet for 
various atmospheric pressures in inches of mercury, and table 415¢ shows the altitude 
in feet. at which various pressures in millibars occur in the standard atmosphere. 
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The standard pressure at any altitude under standard temperature conditions can 
be found approximately from the following formula: 


») 

H=221,152T,,, log = 

in which * 
H=altitude in feet. 
7T,=mean temperature of air column in ° K. 


P=air pressure in inches Hg at altitude H. 


418. Altitude by pressure measurement.—The decrease in atmospheric pressure 
provides a means of measuring altitude. Thus, if an aviator measures air pressure 
in flight and finds it to be 24.90 in. Hg, he knows by reference to the standard atmos- 
phere table that his altitude under standard atmospheric conditions is 5,000 feet. The 
true altitude is found by correcting for the difference between the standard atmospheric 
conditions and the existing pres- 
sure and temperature. 

A mercurial barometer of 
the type described above, with 
suitable refinements, can be used 
for highly accurate pressure 
measurements. It is impracti- 
cable for general mobile use and, 
except in high-accuracy work, 
has been superseded by the 
aneroid barometer, one type of 
which is shown in figure 418. 
A flexible corrugated metallic 
drum, from which most of the 
air has been removed, is used in 
place of the column of mercury. 
As air pressure changes, the 
cylinder is compressed or ex- 
panded. The amount of change 
is transmitted through a suit- 
able linkage to a pointer. The 
scale over which the pointer  Fiaure 418.—An aneroid barometer graduated in millibars. 
moves can be calibrated in inches 
(or millimeters) of mercury, or in millibars. (See fig. 418.) Thus, changes in atmos- 
pheric pressure are evidenced by the movement of a needle across a dial. Aneroid 
barometers automatically compensate for temperature changes, and are quite accurate. 

419. Simple altimeters.—Since any standard atmospheric pressure corresponds 
with only one altitude, an aneroid barometer can be graduated in units of height instead 
of pressure. A barometer so graduated is called an altimeter. (See fig. 419a.) 

If the atmosphere always conformed exactly to standard conditions, the reading 
of a simple altimeter would measure the correct altitude of the aircraft above sea 
level. Unfortunately, the atmosphere is rarely standard and the pressures at various 
altitudes usually differ considerably from those specified by the standard pressure lapse 
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rate. The standard pressure lapse rate table indicates that if a pressure of 20.58 inches 
of mercury is experienced in flight, the altitude is 10,000 feet and a simple altimeter 
under this pressure will indicate this altitude (fig. 419b (A)). If the existing lapse rate 
is greater than the standard lapse rate, a climbing aircraft relying on a simple altimeter 
will reach the pressure of 20.58 in. Hg at a lower altitude (fig. 419b (B)). In this 
case, even though the altimeter indicates 10,000 feet, the aircraft is lower possibly by 
as much as 20 percent. This is a very dangerous condition, numerous accidents in 
mountainous regions having resulted when aircraft were too low to cross a mountain 
range. 
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FicurRe 419a.—A simple altimeter is essentially an aneroid barometer with altitude marks corre- 
sponding to definite standard air pressure. 


If the pressure is 20.58 in. Hg, a simple altimeter will read 10,000 feet, no matter 
at what altitude this pressure occurs. The altitude of the 20.58 level depends upon 
whether the column of air is more or less dense than standard density, or colder or 
warmer than standard temperature. If the air is heated, it expands just as a metal 
rod expands, and the distance between the pressure levels, as between 29.92 and 20.58, 
becomes greater. Figure 419b (C) indicates that an altimeter will read low if the 
pressure lapse rate is less than standard temperature. When air temperature is higher 
than standard, the actual altitude is higher than indicated. When air temperature is 
lower than standard, the actual altitude is Jower than indicated. 
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Even when both the temperature and pressure lapse rates are standard, the altim- 
eter may read high or low by a constant amount if the sea-level pressure is not stand- 
ard. Figure 419b (D) illustrates the situation when the rates are standard but the 
altimeter is in a high-pressure area. The altimeter error is a fixed amount at any 
altitude, rather than a fixed percentage, as in figure 419b (B) and (C). 


rv 
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Sea 
Level 
True Stendard Increased Decreased Standard 
Altitude Lapse Rate Pressure Pressure Rate in High 
Lapse Rate Lapse Rate Pressure Area 
(A) (B) (c) (D) 


FiGurRE 419b.—Simple altimeter readings. The altimeter reading corresponds to the related standard 
air pressure, regardless of height. 


420. Kinds of altitude.— Altitude is vertical distance above a reference datum. 
Absolute altitude (AA) is height above the surface of the earth. True altitude (TA) 
is actual height above sea level. Thus, true altitude is the sum of absolute altitude 
and the elevation above sea level of the ground below the aircraft. Indicated altitude 
(IA) is the uncorrected reading of a barometric altimeter. Calibrated altitude (CA) 
is the indicated altitude corrected for any instrument and installation errors of the 
altimeter. For an altimeter without such an error, indicated altitude and calibrated 
altitude are identical (the condition assumed in this text unless otherwise indicated). 
Density altitude (DA) is the altitude assigned to a given density in the standard at- 
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mosphere (table 415a). This altitude is of interest primarily in the control of engine 
performance and is of direct concern to the navigator in connection with cruise control. 
(See ch. XIV.) Pressure altitude (PA) is the altitude assigned to a given barometric 
pressure in the standard atmosphere (table 415a). It is the altitude indicated by an 
errorless, barometric altimeter when the altimeter setting is 29.92 in. Hg (art. 428). 
For example, if the pressure at the aircraft is 20.58 in. Hg, the pressure altitude is 
10,000 feet, regardless of the actual height of the aircraft. 

421. Altimeter errors.—-Altimeters, Jike other navigational instruments, are 
subject to certain errors, instrumental and barometric. The instrumental errors can 
be divided into four general classes: (1) Mechanical errors, (2) elastic errors, (3) tem- 
perature error, and (4) installation error. 

422. Mechanical errors are of three kinds: 

(1) Secale error is the difference between the indicated altitude and the true 
altitude corresponding to the pressure level at which the instrument is observed. 
Thus, from table 415a, at a pressure of 24.90 in. Hg, the altimeter should indicate 5,000 
feet. If it indicates 5,020 feet, the scale error is (+)20 feet, and the correction is 
(—)20 feet. 

(2) Friction error is caused by the friction of moving parts within the instrument, 
resulting in irregular or jerky movements of the indicator needle and lost motion or 
hesitation upon reversal of direction of vertical motion either up or down. When 
friction error is present, the correct reading can often be obtained by gently tapping 
the altimeter. If the aircraft is in flight, the natural vibration is usually sufficient 
for this purpose. 

(3) Position error is that caused by an unusual attitude of the instrument. Alti- 
meters are designed to be in static balance with the dial vertical. If the aircraft 
assumes an abnormal attitude, a slight error is introduced into the altimeter. Such 
an error seldom exceeds 20 feet. 

423. Elastic errors are of three types: 

(1) Hysteresis causes a lag in the response of the instrument and is measured 
by the difference in two readings at a given altitude, the first reading obtained when 
altitude is increasing, and the second when it is decreasing. After effect is hysteresis 
at zero altitude. Hysteresis errors should be less than plus or minus 50 feet at zero 
altitude, and plus or minus 300 feet at 30,000 feet altitude. 

(2) Drift is a slow increase in the reading of an altimeter without increase in alti- 
tude after leveling off following a climb. The reading returns to the correct value 
after descent. In flights of more than 1 hour duration, drift should not be more than 
approximately 0.2 percent of the altitude for every 15,000 feet change of altitude. 

(3) Secular error is the slow change with time of the entire scale error curve. It 
is caused largely by internal stresses in the metal of the instrument. Secular error is 
corrected in resetting the altimeter and need not be allowed for in flight. 

424. Temperature error is a change in reading caused by a change in the tempera- 
ture of the instrument. In most instruments this error has been reduced to a negligible 
amount by temperature compensation features of the design. This should not be 
confused with temperature effects on the atmosphere (art. 429). 

425. Installation error arises when the altimeter is not exposed to the true static 
pressure of the air. In modern installations this error is usually avoided by connecting 
the case of the instrument to a suitable static tube so placed on the surface of the 
aircraft that. compression or rarefaction due to its forward motion is negligible. During 
climb or descent some change in air flow may result in the static tube opening being sub- 
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jected to positive or negative pressure, resulting in a slight inaccuracy of reading. 
Such error should seldom exceed 10 feet. 

Of the errors listed above only secular error and friction error are likely to be 
objectionable in flight. Secular error is eliminated by resetting the zero position, and 
friction is overcome by tapping the instrument. Modern altimeters should indicate 
true altitude within 20 feet at ground level. 

426. Barometric errors of altimeters are the result of differences between standard 
and actual atmospheric conditions. <A correction is needed when either (1) barometric 
pressure or (2) pressure lapse rate differs from standard. 

427. Nonstandard barometric pressure.—A barometric altimeter (sometimes called 
sensitive altimeter) is an instrument for measuring pressure. One free from instru- 
mental errors indicates the altitude corresponding to standard pressures, as indicated 
by table 415b. 

If the pressure and temperature lapse rates are standard, the error at any one 
level is the same as that at any other, so that an altimeter which reads 200 feet high at 
sea level also reads 200 feet high at 10,000 feet. This is another way of saying that if 
the standard pressure for 200 feet, 29.71 in. Hg, occurs at sea level, and the pressure 
and temperature lapse rates are standard, the standard pressure for 10,000 feet, 20.58 
in. Hg, occurs at 9,800 feet. 

If the pressure is higher than standard, an altimeter at sea level indicates a negative 
altitude, as shown by table 415b. 

428. Altimeter setting.—A common type of sensitive altimeter is shown in figure 
428a. The dial shown is marked off in 10 divisions for hundreds of feet, smaller 
subdivisions indicating each 10 feet. One revolution of the long hand indicates 1,000 
feet, during which the intermediate hand moves over to 1. On the second revolution of 
the long hand, the intermediate hand moves to 2, always pointing to the number of 
thousands of feet. The shortest hand indicates the tens of thousands of feet. It 
moves to 10 while the intermediate hand makes one revolution. Motion of the smallest 
hand is limited by the maximum altitude for which the altimeter was designed. The 
altimeter in the figure indicates 5,792 feet. By means of the “barometric adjustment 
knob” the reading of the altimeter can be changed. Thus, if the instrument is at sea 
level and the reading is incorrect, it can be set, by means of this knob, to read 0 feet. 
When this has been done, the sea-level barometric pressure appears in the ‘‘barometric 
reading window’’ on the face of the dial. Conversely, if the barometric adjustment 
knob is turned until the existing pressure appears in the window,the altitude reading 
iS zero. 

The reading in the barometric reading window is called the altimeter setting. The 
value of this reading can be sent by radio to a pilot in the air, so that he can adjust his 
altimeter without first descending to sea level. This is particularly helpful when a 
landing is to be made, especially if the ceiling is low. 

Consider an aircraft at an actual altitude of 10,000 feet (fig. 428b). If standard 
conditions prevail, the pressure at this altitude is 20.58 in. Hg. If the altimeter is 
adjusted to an altimeter setting of 29.92 (fig. 428b (A)), the standard pressure at sea 
level, the altimeter will correctly read 10,000 feet. But if the sea-level pressure changes 
to 31.02, the standard value for approximately(—)1,000 feet, and the altimeter setting 
remains unchanged (fig. 428b (B)), the altimeter at 10,000 feet will indicate an altitude 
of only 9,000 feet (10,000 fect above(—)1,000 feet). If, now, the altimeter setting is 
changed to 31.02 (fig. 428b (C)), the altimeter again correctly indicates 10,000 feet. 
These changes assume a standard pressure lapse rate throughout. 
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FIGuRE 428a.— A sensitive altimeter. 
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429. Nonstandard pressure lapse 
rate.—At sea level the altimeter setting 
is the same as the sea-level pressure. 
For an airport at some other level the 
altimeter setting is also the same as sea- 
level pressure if the pressure lapse rate is 
standard. (Refer to fig.429a.) If atmos- 
pheric conditions are standard, the altim- 
eter setting both at a sea-level airport 
and at one at an elevation of 2,000 feet 
is 29.92, as shown at AA’. If the pres- 
sure changes, but the lapse rate remains 
standard, the altimeter setting at both 
airports changes to the new sea-level 
pressure, as shown at BB’. If, now, the 
sea-level pressure remains the same but 
the pressure lapse rate changes, the al- 
timeter setting at the higher airport 
changes, as shown at CC”. 

Under condition AA’ or BB’ an air- 
craft taking off from one airport and 
landing at the other will find its altim- 
eter reading correctly at touchdown. 
But an aircraft taking off from the higher 
airport under condition CC’ and landing 
at the sea-level airport would be 200 feet 
lower than anticipated when approaching 
the runway. 

Altimeter setting is customarily de- 
termined by adjusting an accurate al- 
timeter located in the control tower to 
the surveyed altitude at that point. ysis A 
This having been done, any altimeter 5,25 498b.—An altimeter indicates altitude, 
with this setting, if free from instru- in standard atmosphere, above the pressure 
mental error, will read the correct alti- lavel aet-on the barometric acale: 
tude when on the surface of the airport. 

It is customary for a pilot to call the control tower and request the altimeter setting 
just before letdown, so that his altimeter will give correct information during the descent. 

Thus, one effect of nonstandard pressure lapse rate is to change the altimeter 
setting at heights other than sea level. A second effect is not so easily corrected. 
If the pressure lapse rate is standard and the altimeter setting is properly applied, 
an altimeter without instrumental error indicates the correct altitude at any height. 
However, if the lapse rate is not standard, the indication of the instrument becomes 
inaccurate. By means of the altimeter setting it can be made to indicate the correct 
altitude at any one level, but the reading at any other level is incorrect. 

The pressure lapse rate is almost exactly proportional to the temperature. The 
height of a column of air between any given pressure levels can be determined by 





multiplying the standard height by the proportion 3 where 7, is the actual mean 
M 
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FIGURE 429a.—Altimeters at sea level and at 2,000 feet. AA’ standard atmosphere; BB’ nonstandard 
pressure, standard lapse rate; CC’ nonstandard pressure, nonstandard lapse rate. 


temperature of the column, and 7m is the standard mean temperature, both expressed 
°K (° C+273°). Within limits of practical accuracy this proportion can be con- 
sidered to change the height of the air column between specified standard pressure 
levels by about 2 percent for each 5°5 C change of temperature, being greater if the 
temperature is higher than standard and smaller if the temperature is lower. 

Thus, the height of the air column between the 29.92 level and the 20.58 level 
is 10,000 feet, of the pressure lapse 1s standard. If the mean temperature of the column 
is 5°5 C above standard, the height of the air column is 2 percent more than standard, 
or 10,200 feet. If the temperature is 5°5 C below standard, the air column is 2 
percent less than standard, or 9,800 feet. 

The actual mean temperature of the column of air between the aircraft and the 
ground is usually not known. If the temperatures at both flight altitude and the 
surface are known, the mean value can be closely approximated by adding the two 
values and dividing the sum by 2. If only one temperature is known (usually that 
at flight altitude), it is compared with the standard temperature at the same altitude. 
It should be remembered that if the temperature at any one height is known, that at 
any other can be approximated by subtracting 2° C for each 1,000 feet increase in 
altitude. 

The E-10 computer provides an easy solution to this problem. In the space 
marked ‘‘for altitude computations” are two scales, (1) a centigrade (Celsius) tempera- 
ture scale on the lower disk and (2) a pressure altitude scale on the upper disk. When 
a pressure altitude is placed opposite the temperature at that height, all values on 
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the outer (miles) scale are equal to the READ SET 
corresponding values on the inner (min- 
utes) scale increased or decreased by 2 
percent for each 5°5 C that the actual 
temperature differs from the standard 
temperature at the pressure altitude, as 
set in the window. 

Although the pressure altitude is set 
in the window, the indicated altitude is 
used on the inner scale for finding the true 
altitude (on the outer scale). For correct 
results, the sea-level altimeter setting 
should be used in obtaining indicated al- Figure 429b.-- E-10 computer setting for altitude 
titude. If the altimeter setting at any correction. 
other height is used, the difference be- 
tween the indicated altitude and the height to which the altimeter setting applies 
should be used on the inner scale for accurate results. 

Example.— 

Given.—Indicated altitude 9,800 feet, pressure altitude 10,000 feet, air temperature 
(—)16° C, altimeter setting for 3,000 feet. 

Required.—True altitude. 

Solution (fig. 429b).—Set pressure altitude 10,000 feet opposite Celsius tempera- 
ture (—)16°. Opposite 6,800 feet (9,800—3,000) on the inner scale read 6,530 feet 
on the outer scale. The true altitude is 6,530+3,000=9,530 feet. 

If this is solved mathematically, the air temperature is seen to be approximately 11° 
colder than standard (the standard temperature at 10,000 feet being about (—)5°). 
Hence, the air column is 4 percent or 272 feet (6,800X0.04) short. The true altitude 


is thus 9,800—272=9,528 feet. T 
More precise results can be obtained by using the more exact proportion rT 
M 


Thus, in the example given, 7',=273°—16°=257° and Tsy;=273°—4°8=268°2, an 





Pn _ 257 =0.958. Then, 6,800 X0.958=6,514. The true altitude is 6,514+3,000= 
Ty 268.2 
9,514 feet. 7 


The practice of using temperatures at flight altitude introduces an error of as 
much as | percent, but this is on the side of safety (“true altitude” less than actual 
altitude) unless the air below the aircraft is considerably colder than that at flight 
altitude. Solving the same problem, but using the estimated mean values, assuming 
standard temperature lapse rate: 

Standard temperature at pressure altitude 10,000=(—)4°8 C. 

Standard temperature at ground (3,000 feet)=(+)9°1 C. 

Actual temperature at flight altitude=(—)11°2 C below standard. 

Approximate temperature at ground=9°?1—11°2=(—)2°1 C. 


= fo) ws ° ae ° ; 
Estimated mean actual temperature=\— 16°F Wee 3°! = (920 C 
=264°0 K. 
Established mean _— standard temperature=(—)4°8 +9: = Tes = +292 C 
=275°2 K. 
Tm 264.0 _ 
Ti, 275.2 099 


Since 6,800 X0.959=6,521, true altitude=6,521+3,000=9,521. 
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When an aircraft flies from warmer to colder air, or from a high pressure area to 
one of lower pressure, its altimeter reads too high. That is, the aircraft is actually lower 
than indicated by the altimeter. If undetected, this can be a very dangerous situation. 
Although frequent checks on atmospheric conditions, when possible, will do much to 
minimize the danger, the best precaution is to allow ample clearance above or around 
all possible obstructions and keep constantly alert. (See art. 620.) 

Plane crashes near the tops of mountains are common enough to sound a word of 
caution to all aviators. 

430. Pressure altitude variation—Many navigators prefer to leave their altim- 
eters set at 29.92 much of the time, to provide continuous indication of pressure 
altitude. Indicated altitude can be found by temporarily changing the altimeter 
setting to the correct amount or by mentally applying a correction. The difference 
between 29.92 and the altimeter setting, multiplied by 1,000, is very nearly equal to 
the difference between pressure and indicated altitudes. This is called pressure alti- 
tude variation (PAV). If the altimeter setting is greater than 29.92, the PAV is added 
to the pressure altitude to obtain the indicated altitude, and if less than 29.92, PAV 
is subtracted. Thus, if pressure altitude is 4,500 feet and the altimeter setting is 30.58, 
the PAV is 1,000 (30.58—29.92)=660 feet. Since the altimeter setting is greater than 
29.92, PAV is added, and the indicated altitude is 4,500+ 660=5,160 feet. 

431. Setting markers.—It is sometimes desirable to have an altimeter set to indi- 
cate absolute altitude above the landing field, so that the reading is zero when the 
aircraft lands. To adjust an altimeter to read absolute altitude, the barometric pressure 
at field level (not altimeter setting) is set on the barometric dial. This pressure is 
sometimes called field elevation pressure, and is obtained by setting an altimeter on 
the ground to indicate zero and reading the barometric dial, or by radio from a barom- 
eter at the field. This procedure is satisfactory for landing areas having near-sea- 
level elevations, but is not always available for areas at which barometric pressures of 
less than 28 in. Hg exist (approximately 2,000 feet), since the barometric scale of most 
instruments extends only from 28.00 to 31.00. 

To extend the use of this system, some altimeters are provided with small tri- 
angular tabs called setting markers (sce fig. 431) which are read in the same manner 
as the dial hands. The setting shown in 
figure 431 is 300 feet. 

In using the setting markers, an 
observer on the ground sets his altimeter 
to zero and reads the altitude indicated 
by his setting markers. A navigator, 
receiving this information by radio, sets 
his markers to the same altitude, thereby 
adjusting his altimeter to read zero on 
landing. At fields near sea level, a neg- 
ative altitude may be indicated, requiring 
the markers to be moved to the left of zero 
on the scale. The setting marker always 
indicates the standard altitude correspond- 
ing to the pressure set on the barometric 
scale. Thus, the altimeter setting shown 
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FicurE 431.—Sensitive altimeter showing set~ 
ting marker at 300 feet, corresponding to an 
altimeter setting of 29.60. 


in figure 431 is 29.60, and the setting 
marker indicates 300 feet, the altitude in 
a standard atmosphere corresponding to 
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29.60 in. Hg. Such a reading is sometimes spoken of as “300 feet above’ instead of 
‘‘altimeter setting 29.60.’ If the altimeter setting were 30.25, the setting marker would 
be at 700 (—300) and the marker setting would be referred to as ‘300 feet below.” 


Speed 


432. The air-speed indicator.—Air speed is measured by an air-speed indicator, 
one type of which is shown in figure 432a. The indicator case contains a diaphragm 
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FiGuRE 432a.—A typical air-speed indicator. 
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Figure 432b.—A Pitot-static tube. 


which is usually connected to a Pitot-static tube (fig. 432b) by two tubes, one to each 
side of the diaphragm. One tube transmits the pressure of the ambient air, called static 
pressure (p). The other tube leading to port A at the forward end (fig. 432b) transmits 
the total pressure (p,). This pressure, sometimes called ram pressure, is the sum of the 
static pressure (p) and the dynamic pressure (q) due to forward motion. That is, 
Pr=pt+q. The indicator diaphragm is deflected by the difference between the total 
pressure (p,) and the static pressure (p). That is, p,—p=(p+q)—p=q. In other 
words, the air-speed indicator measures the dynamic pressure, and the dial could be 
graduated in pressure units as pounds per square foot. For convenience, however, the 
dial is graduated in the equivalent speed units (knots or statute miles per hour). This 
is comparable to an altimeter which expresses static pressure in altitude units while the 
air-speed indicator expresses dynamic pressure in speed units. Indicated air speed 
(IAS) is the uncorrected reading of the air-speed indicator. When corrected for 
instrument and installation errors, pitot-static system error, and error induced by the 
attitude of the aircraft, it is called calibrated air speed (CAS). A calibration card 
(fig. 432c) shows the relation between CAS and IAS. 
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Fraure 432c.—An air-speed indicator calibration card. to be compressible or incompressible 
according as the density is assumed 

to change or remain constant between two points in the air stream. 
The early air-speed indicators were graduated according to the formula for in- 


compressible flow 
V=, [24 
p 


When an object such as a Pitot- 
static tube is inserted into the slip 
stream of an aircraft, the number of 
speed units to be assigned a particular 
value of dynamic pressure depends 





where: 


qg=dynamic pressure 
p=alr density 
V=true air speed 


This was adequate for slow speeds and low altitudes. Most modern airspeed 
indicators, however, are graduated in accordance with a formula which includes a 
compressibility factor, f, for sea-lerel conditions. The effective pressure actuating the 
indicator is called impact pressure and is given the symbol q, to distinguish it from the 
dynamic pressure g of incompressible flow. 


Thus __ 
Vom) Bef qe yr 1 | 
: y—1 de ag ' Po 


V.=calibrated air speed, ft./sec. 

de=impact pressure, lbs. /ft.? 

po=sea-level air density =0.002378 slugs/ft.’ 
po=sea-level air pressure = 2116 lbs./ft.? 
y=a constant=1.4 for air 





where: 


The first radical on the right is the compressibility factor f, for sea-level density. (For 
f at flight altitude, the static pressure p (table 415a) is substituted for p,.) If impact 
pressure is 79.4 lbs./ft.? for example, calibrated air speed is 


V=y. J 24¢ — 0.99 X 258.4 ft./sec. = 152K. 
Po 


In high speed aerodynamics, the speed of sound (a) enters into numerous computa- 
tions, particularly in relation to the speed of the aircraft (V). The ratio V/a is used so 
frequently that it has been given a special name and symbol, Mach number (M) 
after Ernst Mach, an Austrian, who first discerned its significance. Mach number is 
the ratio of the speed of the aircraft to the speed of sound in the air existing at flight 
altitude. For an aircraft flying at the speed of sound under the existing temperature 
conditions, 4/=1.0. The Mach number is less than 1.0 for slower (subsonic) specds, 
and greater than 1.0 for faster (supersonic) speeds. The term transonic is applied to 
a range of speeds extending from slightly below to slightly above Mach 1.0. General 
agreement on the limits of the transonic region has not been reached. 
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The general equation for the speed of sound in air (a) is 


a=) yRT=4/22 


where y=ratio of specific heat of air at constant pressure to specific heat of air at con- 
stant volume=1.4 
g=acceleration due to gravity =32.2 ft./sec.? (approx.) 
R=gas constant=53.3 
7=true air temperature, °R 
p=ambient static pressure, lbs./ft.? 
p=ambient density, slugs/ft.3 
The constants y, g, and # can be combined with speed conversion factors. Thus 
Tin °R T in °K 
a (knots) =29.042 yT =38.975 VT 
a (mph) =33.421 VT =44.851 VT 
a (ft./sec.) =49.018- /T =65.782 /T 


Mach number is read from a Mach meter carried by most high-speed aircraft. 
This instrument contains a differential diaphragm which relates impact pressure q, 
to static pressure, p. The dial is graduated in accordance with the formula 


M=2.2361 vf ae 1)"7—1] 


Thus, if ¢-=398 lbs./ft.? and p=498 Ibs./ft.2, M=0.956. For Supersonic speeds, q, is 
adjusted for the pressure difference across the bow shock wave and a different equa- 
tion is used. 

If the Mach number and true air temperature are known, true air speed can be 
found conveniently by E-10 computer, using the Mach No. Index which appears in the 
air speed correction window under 10 on the miles scale (fig. 432d). 

To obtain true air speed, set true air temperature on the computer. If Mach 
number is known, the indicated temperature 7, can be converted to true temperature 
T by one of the formulas in article 412 or by inspection in table 412. 

Exam ple.— 

Given.—Mach number 0.917, indicated temperature (—) 0.6° C. 

Required.—True air speed by E-10 computer. 

Solution (fig. 432d).—(1) Compute true temperature: 


pT __ _-273—-0.6 
~0.2M?+1 (0.2X0.8409) +1 


(2) Set the Mach number index under (—)40° C. 

(3) Opposite the Mach number (92) on the minutes scale, read TAS (545) on the 

miles scale. 

Answer. —TAS 545K. 

Table 412 gives the true air temperatures corresponding to convenient values of 
indicated temperature and Mach number. 

If the indicated temperature is set on the E-10 computer without correction, the 
resulting TAS is too great. Thus, if pressure altitude 30,000 feet and calibrated air 
speed 353K corresponding to 1/=0.917 in the previous example are used in the usual 
way with indicated temperature (—) 0.6° C, the TAS is not 545K as in the example 
but 590K, an error of 45K even after correcting for compressibility. The same erro- 
neous result is obtained if the Mach No. Index is set opposite the indicated temperature. 


= 233° = (—)40°C. 
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Navigators should not ascribe to wind SET 
an error in ground speed resulting from 
the use of uncorrected temperature in 
the TAS computation. 

At. supersonic speeds a shock wave 
forms ahead of a Pitot-static tube. This 
changes the ratio of total pressure, p;, 
to static pressure, p, and hence affects 
the numerical value of impact pressure, 
g-, which appears in the formula for 
calculating the compressibility factor, f. 
Consequently, different equations must 
be used to compute the correction for 
compressibility depending upon whether 
Mach number is more or less than one. 
The correction table on the E-10 com- 
puter takes this into account. 

433. Air-speed corrections.—<An air-speed indicator dial graduated by the formula 
for compressible flow reads correctly at sea level, but is incapable of reflecting the 
changes in density and compressibility with altitude. Hence, to obtain true air speed 
two corrections to calibrated air speed are required: (1) for the change in air density, 


and (2) for the change in the compressibility factor. Thus V= Vex Poy 7 
p 0 


The quantity Vex = called density air speed (V,), is calibrated air speed cor- 
rected only for the change in density. If compressibility is ignored, density air speed 
is taken as the true air speed. This is the usual practice for moderate speeds and 
altitudes. Correction for compressibility is accomplished by multiplying density air 
speed by the ratio f/f, of the compressibility factors at flight altitude (f/f) and at sea 


level (f.). The quantity V.x Fs (= v4/ 2) is called equivalent air speed (V,), an 
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Fiaure 432d.— Using the Mach No. Index to obtain 
true air speed. 


expression much used in aerodynamics. Thus, true air speed is equivalent air speed 


corrected for density, (v= Vey] A or the density air speed corrected for compressi- 


bility (V=VaX f/f.). 
Standard computers such as the E-10, E-6B, and Mark 8 apply the square root of 
the density ratio at flight altitude computed from the formula 


pT, 999 P (tn. Hg) 
P=Pon = 0.02289 Tin °K) 
where fo, Po, and 7, are the constant, standard values of sea-level density, pressure, and 
temperature respectively (tab. 415a), and 7 is the true temperature at the aircraft. 
The pressure p at the aircraft is that shown in table 415a for the pressure altitude. 
Setting the true temperature in °C opposite the pressure altitude in the air speed cor- 
rection window of the E-10, offsets the CAS scale by the amount of the square root of 
the density ratio factor. 
Example.— 
Given.—Calibrated air speed 152K, pressure altitude 6,000 feet, temperature 
(—)10° C. 
Required.—Density air speed. 
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Solution (fig. 433). 
_, PT. _ 9 23.98 |, 288 _ £43 
oP. T = 0.002378 x 9 99 x 263 = 0.00209 slugs/ft 
ys y” 
p 
0.00237 
7 oye oto 2460 
Va=152 Wo 0209 = 162K 


Answer.—Density air speed 162K (= true airspeed since f/f,=1.0) 


In figure 433, the computer is set for the above 
data, and TAS 162K is found on the miles 
scale opposite CAS 152K on the minutes scale. 

Note that the conversion of calibrated air 
speed to true air speed requires a knowledge of 
either true temperature or of Mach number, 
from which true temperature can be computed. 
Lacking these, the method of successive approx- 
imations can be utilized; although in practice, if 
such a degree of refinement is necessary, a Mach 
meter or other device is usually available. 

A true air-speed indicator has been de- 


READ 


SET. 





Figure 433.— Air-speed correction by E—10 
computer. For the same setting, the 
density altitude (art. 420) is 4300 feet. 


vised, the readings of which are called indicated 
true air speed. True air speed is obtained by 
applying instrument and installation errors. 


Problems 


403a. Given.—A master navigation watch has a daily rate of 4°5 (gaining). 
On 5 June, at 1030 the watch is slow 2™28°. 

Required.—The correct time on the evening of 8 June when the watch reads 
6530™00°. | 

Answer.—18°27™47°. 

403b. Given.—At 0930 on 10 October, when a time tick is obtained, a watch reads 
9528™22*. On 22 October, at the 1530 time tick, the watch reads 15527™32°. 

Required.—The daily rate. 

Answer.—4' (losing). 


409. Given.—The following headings and variations. 


(1) (2) (3) (4) (5) (6) (7) 
0): eee 046° 102° 278° 002° 037° 183° 306° 
Var._...... 9°E 9°W 2°W 8°W 149K 11°E 10°W 


Required.—True headings, using compass correction card shown in figure 410c. 
Answers.—(1) 049°, (2) 087°, (3) 278°, (4) 351°, (5) 046°, (6) 193°, (7) 298°. 


412a. Find the Fahrenheit equivalents of the following Celsius temperatures: 


(a) 15° C, (b) 0° C, (c) (—) 5°6 C, (d) 2191 C. 
Answers.—(a) 59° F, (b) 32° F, (c) 22° F, (d) 70° F. 
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412b. Convert the following Fahrenheit temperatures to Celsius: 

(a) 1° F, (b) 32° F, (c) (—) 22° F, (d) 86° F. 

Answers.—(a) (—) 17°2 C, (b) 0° C, (ce) (—) 30° C, (d) 30° C. 

415. If the density of mercury is 0.491 pound per cubic inch, what will be the 


length of a mercury column in a barometer tube if atmospheric pressure in millibars is 
(a) 842.87 mb, (b) 1,015.92 mb. (1 mb=0.0145 Ib./in.?) 


Answers.—(a) 24.89 in. Hg. (b) 30.00 in. He. 


416. Find the standard temperature in ° C for an altitude of 4,250 feet. 
Answer.—6°6 C. 


429a. Given.—The following pressure altitudes, calibrated altitudes, and tem- 
peratures: 


(a) (b) (c) 
Pressure altitude_______________- 8, 500 4,000 22, 000 
Calibrated altitude_____________- 8, 000 4,000 23, 000 
Air temperature (°C)__--___.____- (—)16 (+ )30 (— )20 


Required.—The true altitudes by E-10 computer. 
Answers.—(a) 7,600 feet, (b) 4,330 feet, (c) 23,800 feet. 


429b. Given.—Pressure altitude 24,000 feet, calibrated altitude 23,200 feet, 
altimeter setting received from ground station at elevation 4,000 feet, air temperature 
(—)26° C. 

Required.—True altitude, using mean temperatures. 

Answer.—23,680 feet. 


430. Given.—Pressure altitude 7,600 feet, altimeter setting 29.61. 
Required.—Calibrated altitude. 
Answer.—7,290 feet. 


432a. Given.—The following true air speeds, calibrations, pressure altitudes, and 
temperatures. 


Air speed calibrations 





(a) (b) (c) 
TAS._____________ 116K 140K 110K 
|, Cae eee 4,000 2, 000 9, 000 
(Wy Ge ©) eee eet (—)4 (+)30 (+)16 


Required.—Indicated air speeds. 
Answers.—(a) 108K, (b) 132K, (c) 92K. 


432b. Given.—The following indicated air speeds, temperatures, and pressure 
altitudes. 


(a) (b) (c) (d) 
TAS oe cece 128K 133K 118K 145K 
COO Vesey (+)12 (+)8 0 (—)14 


| Sp). Caen 3, 000 1, 000 1, 500 2, 900 
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Required.—Using air speed calibration data given in problem 432a, find true air 
speeds. 
Answers.—(a) 134K, (b) 134K, (c) 120K, (d) 142K. 


432c. Given.—Impact pressure (q,) 321.3 lbs./ft.’ 

Required.—(1) Sea-level compressibility factor f,, (2) calibrated air speed. 

Given.—Mach No. 0.65, indicated air temperature (+) 1.0° C. 

Required.—(3) True air temperature. 

Given.—At flight altitude, ambient pressure 972.1 Ibs./ft.?, density 0.001244 
slugs/ft.. 

Required.—(4) Compressibility factor f. 

(5) Correction f/f, to density air speed from E-10 computer. 

(6) True air speed. 

Answers.—(1) fy 0.975, (2) CAS 300K, (3) T (—)20° C, (4) f 0.949, (5) f/f. 0.97, 
(6) TAS 402K. 





CHAPTER V 
ELEMENTARY PLOTTING 


Definitions and Symbols 


501. Introduction.—From the instant the aircraft leaves the ground to the time its 
wheels touch down at the destination, a navigator is very busy. Heshould know where 
he is going as well as where he is; not occasionally, but all the time that he is air- 
borne. He should know how to get the aircraft to a given destination and back again, 
if need be, and when he has returned, he may have to prove where he has been. This 
requires an accurate diagram of the exact route the aircraft has traveled, plus a complete 
record, or log, of his work. The plot should be as intelligible to those with the training 
to understand it as is the white line down the center of the highway to a motorist. 
A navigator should know how to plot his path on his chart. This is the substance of © 
the present chapter. 

Plotting is the indicating of points and the drawing of lines on a chart or plotting 
sheet to represent successive positions, actual or possible, of the aircraft, together with 
suitable labels. Chart work should be accurate, thorough, and uniform so that, at any 
time during the flight, another crew member can pick up where the navigator left 
off without retracing steps or losing time. The chart along with the log should serve 
as a complete record of the flight. It is essential that the navigator be familiar with 
and use the accepted standard symbols and labels on his plot. 

_ Several plotting terms were given preliminary definitions in chapter I. Some of 
them will now be restated precisely. 

502. Definitions of plotting terms.— Directions and lines —True course (TC) is the 
intended horizontal direction of travel over the surface of the earth, expressed as angu- 
lar distance from true north, usually clockwise from 000° at true north through 360°. 

Course line is the horizontal component of the intended path of travel, or a line 
on the chart representing it. Course line comprises course and the element of distance. 
One or more consecutive course lines constitute an intended or desired track. 

Track (TR) is the horizontal component of the path followed or expected to be 
followed by an aircraft and, by extension, the direction of such path. Usually it does 
not coincide with the course or the heading, due to the response of the aircraft to various 
conditions encountered in the air. 

True heading (TH) is the horizontal direction in which an aircraft is pointed. It 
is expressed as the angular distance from north, clockwise from 000° through 360°. 
An alteration of heading is symbolized AH. 

Speeds.—Ground speed (GS) is the rate of motion of the aircraft relative to the 
earth’s surface. It is the speed of the aircraft over the ground; hence the name. It 
may be expressed in either nautical or statute miles per hour, but most air navigators 
now use nautical miles per hour (knots). 

Predicted ground speed (PGS) is the speed computed by applying estimated wind 
direction and speed to course and estimated air speed. 

99 
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Required.—Using air speed calibration data given in problem 432a, find true air 
speeds. 


Answers.—(a) 134K, (b) 134K, (c) 120K, (d) 142K. 


432c. Given.—Impact pressure (q,) 321.3 lbs./ft. 

Required.—(1) Sea-level compressibility factor f,, (2) calibrated air speed. 

Given.—Mach No. 0.65, indicated air temperature (+) 1.0° C. 

Required.—(3) True air temperature. 

Given.—At flight altitude, ambient pressure 972.1 Ibs./ft.?, density 0.001244 
slugs/ft.®. 

Required.—(4) Compressibility factor f. 

(5) Correction f/f, to density air speed from E-10 computer. 

(6) True air speed. 

Answers.—(1) f. 0.975, (2) CAS 300K, (3) T (—)20° C, (4) f 0.949, (5) f/f. 0.97, 
(6) TAS 402K. 
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and use the accepted standard symbols and labels on his plot. 

_ Several plotting terms were given preliminary definitions in chapter I. Some of 
them will now be restated precisely. 

502. Definitions of plotting terms.— Directions and lines.—True course (TC) is the 
intended horizontal direction of travel over the surface of the earth, expressed as angu- 
lar distance from true north, usually clockwise from 000° at true north through 360°. 

Course line is the horizontal component of the intended path of travel, or a line 
on the chart representing it. Course line comprises course and the element of distance. 
One or more consecutive course lines constitute an intended or desired track. 

Track (TR) is the horizontal component of the path followed or expected to be 
followed by an aircraft and, by extension, the direction of such path. Usually it does 
not coincide with the course or the heading, due to the response of the aircraft to various 
conditions encountered in the air. 

True heading (TH) is the horizontal direction in which an aircraft is pointed. It 
is expressed as the angular distance from north, clockwise from 000° through 360°. 
An alteration of heading is symbolized AH. 

Speeds.—Ground speed (GS) is the rate of motion of the aircraft relative to the 
earth’s surface. It is the speed of the aircraft over the ground; hence the name. It 
may be expressed in either nautical or statute miles per hour, but most air navigators 
now use nautical miles per hour (knots). 

Predicted ground speed (PGS) is the speed computed by applying estimated wind 
direction and speed to course and estimated air speed. 
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True air speed (TAS) is the rate of motion of an aircraft relative to the air. In 
other words, it is the speed in relation to the particles of the air surrounding the air- 
craft. Since the air is usually in motion relative to the ground, true air speed is seldom 
the same as ground specd. 

Position.—Dead reckoning position (DR) is a position determined by advancing 
a known position for courses and distances. It is established by keeping accurate 
account of the time, speed, and direction traveled since the last known position. (See 
arts. 708 and 709.) 

A fix is an accurate position determined without reference to any former position. 
The methods used for determining fixes are discussed in chapter IX. A way point 
is a reference point between the point of departure and destination. 

Time.—Time of departure (TD) is the time of day at which the aircraft leaves the 
point of departure. For instruction purposes, the aircraft is considered to be at flight 
altitude, unless climb data are given. 

Minutes or minutes on leg (min.) is the interval of time, estimated or actual, 
required for the aircraft to fly a given distance at a given ground speed. It might be 
the length of time needed to fly from departure to destination or it might be the time to 
fly one leg of a search pattern. 

Estimated time of arrival (ETA) is the predicted time of reaching a destination or 
way point. It is determined by estimating the length of time required for the flight 
from the point of departure to the destination or way point and adding this to the time 
of departure. Since the aircraft’s ground speed ts constantly affected by various factors 
in flight, the ETA is revised at frequent intervals during the flight. 

Actual time of arrival (ATA) is the time at which the aircraft actually arrives at 
its destination or way point. 

Distance.—Miles on course (MC) is the distance, predicted or actual, which the 
aircraft travels on any given course. It may be one leg of a search pattern, or it may 
be the entire distance from the point of departure to the destination. 

503. Standard plotting symbols (fig. 503) —vTrue course (TC) is indicated by a 
solid line with single arrows showing direction. 


—_———— 


Track (TR) is indicated by a solid line with double arrows showing direction. It is 
sometimes shown darker than a course line to increase the contrast between the two. 


<> >_> -—-> 
A fix is indicated by a triangle, labeled with the time and title “FLX.” 


A 1030 FIX 


A dead reckoning position is indicated by a circle, labeled with the time and 
title “DR’’. 
© 1030 DR 


The point of departure and destination are graphically illustrated as squares. 
They may be considered fixes, but in order to distinguish them from the fixes obtained 
while in flight, the triangle is not used. 


Point of departure _ 4-———>—————_>-E]] Dest ination 
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FicureE 503.—Typical chart work illustrating correct symbols and labels. 


Plotting Equipment 


504. Pencil and eraser.— Probably the most elementary but indispensable articles 
of plotting equipment are pencils and erasers. The pencil should be fairly soft and well 
sharpened. A hard pencil is undesirable, not only because it makes lines which are 
light and difficult to see, but also because it makes lines which are difficult to erase. 
An experienced navigator keeps his chart clean by erasing all unneeded lines. A pen is 
not. used for plotting unless a permanent feature is to be shown, as a frequently traveled 
track. It is good practice to carry several well-sharpened wooden pencils, rather than 
a mechanical pencil. Mechanical pencils generally make broader, less precise lines. 
Also, they may run out of lead or get out of order at critical moments; whereas if the 
point of a wooden pencil becomes dull or broken, it can easily be exchanged for another. 
It is also advisable to carry a smali pencil sharpener or a knife. 

Use a soft eraser which wili not smudge or damage the chart. Hard, gritty erasers 
tend to wear away printed information as well as the paper itself. Not all erasers will 
remove all pencil lines; so find a pencil-eraser combination that will work satisfactorily. 
Nothing reflects a navigator’s ability more than keeping neat, clean, accurate charts 
and logs. An untidy chart, smudged and worn through in places, often causes one to 
conclude that the navigation performed was careless. 

505. Dividers.—A pair of dividers is an instrument used for measuring distances 
on a chart in the following manner: Separate the points of the dividers to the desired 
distance on the proper scale (usually tne latitude scale), and transfer this distance to 
the working area of the chart. In this way, lines of a desired length can be marked off. 
By reversing the process, unknown distances on the chart. can be spanned and compared 
with the scale. 
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FicureE 506a.— Mark II aircraft plotter. 


It is desirable to manipulate the dividers with one hand, leaving the other free to 
use the plotter, pencil, or chart as necessary. Most navigational dividers have a tension 
screw to permit adjustment to prevent their becoming either too stiff or too loose for 
convenient use. The points of the dividers should be adjusted to approximately equal 
length. A small screwdriver, required for these adjustments, should be a part of the 
navigator’s equipment. 

While measurement is being made, the chart should be flat and smooth between 
the points of dividers, because a wrinkle may cause an error of several miles. Points 
on a chart may be marked by applying slight pressure on the dividers so that they 
prick the chart. Too much pressure results in large holes in the chart and tends to 
spread the points of the dividers farther apart, reducing measurement accuracy. 
Precision navigation requires accurate measurement. 

506. Plotters.—A plotter is an instrument designed primarily to aid in drawing 
and measuring lines in desired directions. Plotters vary from complicated drafting 
machines and complete navigator’s drafting sets, to a simple plotter combining a kind 
of protractor and straightedge. Most air navigators prefer one of the plotters illus- 
trated in figure 510. The use of these plotters is discussed in detail later in this chapter. 

The universal drafting machine is used extensively in marine navigation. The 
machine is about four feet long when extended, and weighs approximately twelve 


pounds. It is a very convenient device, but its size and weight preclude its use in 
any but the largest aircraft. 
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Figure 506b.— Measuring a northerly FiaurE 506c.—The same plotter used to 


direction with Mark II plotter. measure a@ southerly direction. 
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The Mark II aircraft plotter (fig. 506a) is a semicircular protractor. A small hole 
near the straightedge indicates the center of the arc, a semicircular edge with an inner 
and outer scale graduated in degrees and half degrees. A number of vertical and 
horizontal guide lines over the central portion of the device assist in orienting the 
plotter. 

The outer scale on the semicircular edge increases from 270° at the left through 360° 
(000°) at the top to 090° at the right. The inner scale increases from 090° at the left 
through 180° at the top to 270° at the right. Thus, if the center hole is placed on a line 
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Figure 506d.—A typical navigator’s station; 1 altimeter, 2 direction-finder indicator, 3 air-speed 
indicator, 4 direction-finder control unit, 5 table light, 6 free air thermometer, 6A ventilator, 7 radar 
indicator, 8 loran indicator, 10 interphone station box, 11 navigator’s table, 12 navigator’s seat, 
12A fuel gage, 12B ICS call light, 13 astro compass wedge plate, 14 utility receptacle switch, 15 
table light rheostat, 16 panel light switch, 17 elapsed time clock, 18 navigational watch stowage, 
19 compass repeater indicator. Additional equipment is mounted below the table. 


of position on the chart with any vertical guide line oriented north-south, all directions 
from west through north to east are measured on the outer scale, and all directions from 
east through south to west are measured on the inner scale. 

The aircraft navigational plotters.—Two widely used models are shown in figure 
510. The rectangular model, type B-2 (left) is standard equipment on new naval 
aircraft, replacing the older AN model (right), which is still widely used. The B-2 
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Figure 506a.— Mark II aircraft plotter. 


It is desirable to manipulate the dividers with one hand, leaving the other free to 
use the plotter, pencil, or chart as necessary. Most navigational dividers have a tension 
screw to permit adjustment to prevent their becoming either too stiff or too loose for 
convenient use. The points of the dividers should be adjusted to approximately equal 
length. A small screwdriver, required for these adjustments, should be a part of the 
navigator’s equipment. 

While measurement is being made, the chart should be flat and smooth between 
the points of dividers, because a wrinkle may cause an error of several miles. Points 
on a chart may be marked by applying slight pressure on the dividers so that they 
prick the chart. Too much pressure results in large holes in the chart and tends to 
spread the points of the dividers farther apart, reducing measurement accuracy. 
Precision navigation requires accurate measurement. 

506. Plotters.—A plotter is an instrument designed primarily to aid in drawing 
and measuring lines in desired directions. Plotters vary from complicated drafting 
machines and complete navigator’s drafting sets, to a simple plotter combining a kind 
of protractor and straightedge. Most air navigators prefer one of the plotters illus- 
trated in figure 510. The use of these plotters is discussed in detail later in this chapter. 

The universal drafting machine is used extensively in marine navigation. The 
machine is about four feet long when extended, and weighs approximately twelve 
pounds. It is a very convenient device, but its size and weight preclude its use in 
any but the largest aircraft. 
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FicurE 506b.— Measuring a northerly Ficure 506c.—The same plotter used to 
direction with Mark II plotter. measure a southerly direction. 
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The Mark II aircraft plotter (fig. 506a) is a semicircular protractor. A small hole 
near the straightedge indicates the center of the arc, a semicircular edge with an inner 
and outer scale graduated in degrees and half degrees. A number of vertical and 
horizontal guide lines over the central portion of the device assist in orienting the 
plotter. 

The outer scale on the semicircular edge increases from 270° at the left through 360° 
(000°) at the top to 090° at the right. The inner scale increases from 090° at the left 
through 180° at the top to 270° at the right. Thus, if the center hole is placed on a line 
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‘iGurE 506d.—A typical navigator’s station; 1 altimeter, 2 direction-finder indicator, 3 air-speed 
indicator, 4 direction-finder control unit, 5 table light, 6 free air thermometer, 6A ventilator, 7 radar 
indicator, 8 loran indicator, 10 interphone station box, 11 navigator’s table, 12 navigator’s seat, 
12A fuel gage, 12B ICS call light, 13 astro compass wedge plate, 14 utility receptacle switch, 15 
table light rheostat, 16 panel light switch, 17 elapsed time clock, 18 navigational watch stowage, 
19 compass repeater indicator. Additional equipment is mounted below the table. 


of position on the chart with any vertical guide line oriented north-south, all directions 
from west through north to east are measured on the outer scale, and all directions from 
east through south to west are measured on the inner scale. 

The aircraft navigational plotters.—Two widely used models are shown in figure 
510. The rectangular model, type B-2 (left) is standard equipment on new naval 
aircraft, replacing the older AN model (right), which is still widely used. The B-2 
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is made of very heavy plastic to resist breakage when cold, and has the advantage 
that two or more plotters can be joined to facilitate plotting of long lines. Both 
plotters carry convenient scales for measuring distance in nautical miles on charts 
having a constant scale. The older model measures nautical miles only on charts 
having a constant scale of 20 nautical miles to the inch (1:1,458,000 approximately) 
such as a VP-OS, small area plotting sheet (art. 224). 

These plotters differ from other protractors, such as the Mark II plotter, in that 
the degree scales increase counterclockwise. The angle measured is that between a 
meridian and any line along which the straightedge portion of the plotter is placed, as 
shown in figure 506ce. 
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FiGurRE 506e.— Measuring an angle with Mark II and AN plotters. 


Miscellaneous additional plotting equipment.—There are times when the nav- 
igator will find use for plotting equipment other than standard issue, such as a 2-foot 
transparent plastic straightedge, and perhaps a set of triangles. The straightedge 
is used for connecting points beyond the length of the plotter. It may also be used 
on its edge to fair curves. Triangles are useful in advancing lines of position by 
alternately sliding one triangle along an edge of the other. They can also be used in 
place of a plotter. 

A flashlight, while not considered a piece of plotting equipment, frequently is 
indispensable on night flights for reading non-lighted instruments, setting up the astro 
compass, or looking for equipment which is adrift. 


Plotting Procedure, Mercator Chart 


507. Preparation.—A great many charts and plotting sheets are printed on the 
Mercator projection. A navigator should select those most appropriate to his needs. 
Much of the plotting work of a navigator is done on blank plotting sheets carrying 
only parallels of latitude or meridians or both. Regardless of the sheet selected, some 
preliminary preparation is usually necessary. The points of departure and destination, 
and important navigational aids should be plotted. A plotting sheet should be oriented 
correctly depending upon the latitude. If the plotting sheet is to be used in south latt- 
tudes, the sheet is turned upside down (fig. 507a and 507b) so that the latitude increases 
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toward the south. On most plotting sheets only the parallels bear printed numbers, 
and the meridians should be assigned the appropriate values for the longitude of the 
flight. West longitude increases toward the western (left) edge, and east longitude 
increases toward the eastern (right) edge. This is true in both north and south latitude. 
Common mistakes in numbering meridians are giving two meridians the same number, 
and omitting a number. 

Before any plot is started, the scale and projection of the chart should be noted 
and the date should be checked to make sure that it is the latest edition. The navigator 
should also determine the correct scale to use in measuring distance. Usually the 
latitude scale is used to represent nautical miles. The longitude scale should never be used 
as a measure of distance. Some charts carry a linear scale in the margin and, where pres- 
ent, it indicates that the same scale may be used anywhere on the chart. It is worth 
noting that sometimes the bottom neat line on a chart does not coincide with a whole- 





Ficure 507a.— Mercator plotting sheet prepared Ficure 507b.—The same plotting sheet inverted 
for designated northern latitudes. and prepared for south latitude. 


degree parallel of latitude, and therefore should be used with caution as the origin for 
distance or latitude measurements. 

508. Plotting positions.—If a blank plotting sheet has been prepared, significant 
points such as radio statioas, prominent landmarks, points of departure and destination, 
etc., which are pertinent to the flight should be plotted. 

On some Mercator charts, the spacing between meridians and parallels is close 
enough to permit plotting by visual interpolation. However, on most Mercator charts 
the meridians and parallels are more widely spaced, necessitating the use of dividers. 
There are several methods by which positions can be plotted on a Mercator chart. 
One method is illustrated in figure 508. Place the straightedge of the plotter in a ver- 
tical position, at the desired longitude. Setting the dividers to the desired number of 
minutes of latitude, hold one point on the parallel of latitude corresponding to the whole 
degree of latitude given, and against the straightedge. Let the other point also rest 
against the straightedge of the plotter, and, with a little pressure, lightly prick the 
chart. This marks the desired position. A variation is to place the plotter horizon- 
tally at the desired latitude and measure the minutes of longitude with the dividers. 

Example.— 

Required.—Plot the position L 30°21’ N, \ 87°17’ W (Pensacola, Fla.). 
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Solution (fig. 508).—Hold the plotter’s straightedge vertically, at ) 87°17’ W on 
the longitude scale. On the dividers set 21’ of latitude from the latitude scale near the 
desired position. Hold one point of the dividers against the straightedge on latitude 
30° N. Let the other point of the dividers rest against the straightedge upward, and 
lightly prick the chart in this spot. This is the desired position. 

This method is quick and it eliminates unnecessary pencil marks. In measuring 
the latitude and longitude of a position already plotted, the procedure is reversed. 
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Ficure 508.—Plotting a position on a Mercator plotting sheet. 


509. Plotting and measuring courses.—After the departure point and destination 
have been plotted on the chart, the next step is to lay off the course line between these 
two points. If they are close together, the plotter can be used. However, if they 
are far apart, two or more B-2 plotters, the 2-foot straightedge, another chart, or a 
triangle can be used to extend the length. If none of these methods is adequate, fold 
the edge of the chart so that the fold connects the departure point and destination, and 
make a series of pencil marks along the edge. A plotter or straightedge can then be used 
to connect the points, forming a continuous straight line as desired. If the points are 
on different charts, it is usually preferable to use a smaller-scale chart, though it is 
sometimes satisfactory to join charts or use a plotting sheet. 
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FicurE 509a.— Measuring the direction of a 
course line with B—2 plotter. 


the line when reading the protractor. 


correct one and the opposite or reciprocal (fig. 509b). 


uring reciprocals is, unfortunately, all 


common, and such mistakes have resulted 
in serious trouble for more than one naviga- 
Therefore, by having a mental picture 
of the compass rose, the navigator can save 
himself the embarrassment of plotting or 
measuring reciprocal courses or bearings. 
Small arrows are found on some plotters 


tor. 


near the 90°-270° marks to minimize 
possibility of reading the wrong scale. 


510. Measuring lines which are nearly 
vertical.—Sometimes the line whose direc- 
tion is to be measured runs nearly north or 
south, making it difficult to align the hole 
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After the course line has been plotted 
and labeled as shown in figure 503, the next 
step is to measure its direction. Anywhere 
along the line to be measured place the 
points of the dividers or a pencil. Letting 
the plotter slide on this point, swing the 
plotter until (1) the straightedge is parallel 
with the line to be measured and (2) the 
center hole is over any meridian, as shown 
in figure 509a. The direction will be indi- 
cated on the protractor at the meridian. 
Keep in mind the approximate direction of 
A course line has two possible directions; the 
The error of plotting and meas- 
too 


the 





Figure 509b.—Reciprocal directions. 
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FicguRE 510.—Use of parallel of latitude to measure nearly vertical lines. 
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with a meridian. In this case, the easiest solution is to use a parallel of latitude as a 
reference instead of a meridian. The plotter is moved along the line until the center 
hole is over any parallel of latitude. The direction of the line is measured by reading 
the degree scale on the same parallel and mentally adding or subtracting 90°. The 
B-2 plotter is provided with a short degree scale for measuring such angles without 
adding or subtracting 90°. The method is illustrated in figure 510. 

511. Plotting courses from a given position.—A course from a given position 
can be laid off quickly in the following manner: Place the point of a pencil on the 
position and slide the plotter along this point, rotating it as necessary, until the center 
hole and the figure on the protractor representing the desired direction line up with 
thesame meridian. Hold the plotter in place 
and draw the line along the straightedge. 
(See fig. 511.) 

512. Plotting courses which are nearly 
vertical.— When a course which extends nearly 
north or south is to be plotted, the simplest 
method of orienting a plotter is to align the 
plotter with a parallel of latitude, as in ar- 
ticle 510. Hold a pencil on the point from 
which the course is to be drawn and then 
Ficure 511.—Plotting a course with a B-2 Slide the plotter along the pencil until the 

plotter. center hole and the desired course on the 

small scale (B—2) or the desired course +90° 

(AN) are both on the same parallel. The edge of the plotter against the pencil is now 

aligned with the desired course, and the course line can be drawn. Figure 512 illustrates 
this method. 

513. Measuring distance.—One of the disadvantages of the Mercator chart is the 
lack of a constant scale. If the two points between which the distance is to be meas- 
ured are approximately in a north-south direction, and the total distance between 
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Figure 512.—Plotting nearly vertical courses. 
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them can be spanned, the distance can be measured on the latitude scale opposite the 
midpoint. However, the total distance between any two points that do not he approxi- 
mately north or south of each other should not be spanned unless the distance is short. 
All distances should be measured as near the mid latitude as possible. If a long east- 
west distance is spanned, the number of miles indicated by the latitude scale will be 
incorrect, because the scale expands on the higher-latitude side of the mid latitude 
faster than it contracts on the lower-latitude side. 

In the measurement of long E-W distances, a mid latitude lying approximately 
half way between the latitudes of the two points should be selected. By using divid- 
ers set to @ convenient, reasonably short 
distance, as 60 nautical miles, picked off 
at the mid latitude scale, one may deter- 
mine an approximate distance by walking 
off units along the line to be measured 
as shown in figure 513. The number of 
steps walked off should be multiplied by 
the length of each step, and the length 
of any last short step added. 

The scale at the mid latitude is ac- 
curate enough if the course line does not 
cover more than about 5° of latitude 
(somewhat less in high latitudes). If the Ficurs 513.— Measuring a distance in steps. 
course line does exceed this amount or if 
it crosses the equator, it should be divided into two or more legs and the length of 
each leg measured with the scale of its own mid latitude. 





Plotting Procedures, Lambert Conformal and Gnomonic Charts 


514. Plotting positions—On a Lambert conformal chart the meridians are not 
parallel, as on a Mercator chart. Therefore, in plotting a position by the method 
described above (art. 508) it is not accurate to allow the plotter to parallel any one 
printed meridian. Instead, the plotter should intersect two graduated parallels 
at the desired longitude. With the plotter in this position, the dividers are set to 
the given minutes of latitude and with one point resting on the given parallel of lati- 
tude against the plotter, the other point will rest on the correct position adjacent 
to the plotter. This procedure should be followed on a small scale chart where the 
meridians show marked convergence. On a large scale chart the meridians are so 
nearly parallel that this precaution is unnecessary. 

The scale of all parts of a Lambert conformal chart is essentially constant. There- 
fore, it is not necessary to pick off minutes of latitude near any particular parallel 
except in the most precise work; distances in any direction can be measured by any 
portion of the latitude scale or by the miles scale which is usually shown. 

515. Plotting and measuring courses.—<Any straight line plotted on a Lambert 
conformal chart is approximately an arc of a great circle. In long distance flights this 
feature 1s advantageous, since the great circle course line can be plotted as easily as a 
rhumb line course on a Mercator chart. (See fig. 515.) 

However, for shorter distances, where the difference between the great circle and 
rhumb line distaness is neghgible, the rhumb line course is more desirable because a 
constant heading can be held. For such distances, the approximate direction of the 
rhumb line course can be found by measuring the great-circle course at the mid meridian. 
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Figure 515.—At mid meridian, rhumb line and great circle have approximately the same direction. 


In this case, the track will not be quite the same as that indicated by the course line 
drawn on the chart, for the track (a rhumb line) appears as a curve convex to the 
equator on a Lambert conformal chart, while the course line (approximately a great 
circle) appears as a straight line. At the mid point the two are approximately parallel 
(except for very long distances) along an oblique course line, as indicated in figure 515. 

For long distances involving great circle courses, it is not feasible to change head- 
ing continually, us is necessary to follow a great circle exactly, and it is customary to 
divide the great circle into a series of legs, each covering about 5° of longitude. The 
direction of the rhumb line connecting the ends of each leg is found at its mid meridian. 
The pilot then holds a constant course on each leg. 

A long flight may extend across several adjacent chart sections, making it difficult 
to connect the departure and destination by a straight line. If a small scale chart is 
available on which both points can be plotted, the course can be determined and trans- 
ferred in sections to the charts to be used in flight. 

516. Measuring distance.— As previously stated, the scale on a Lambert conformal 
chart is practically constant, making possible the use of any part of a meridian gradu- 
ated in minutes of latitude for measurement of nautical miles. Scales of both nautical 
and statute miles are shown on some Lambert. conformal charts. 

517. Plotting on a gnomonic chart.—Gnomonic charts are used mostly for plan- 
ning great circle routes. Since any straight line on a gnomoniec chart is an are of a 
great circle, a straight line from the point of departure to destination indicates the 
great circle track. This great circle track is customarily used by transferring the line 
in seements to a Mercator chart, as shown in figure 517. 

The customary method is to measure the latitude and longitude of a series of 
points along the great circle, plot these points on a Mercator chart, and connect them 


, eave 
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GREAT CIRCLE AS A STRAIGHT LINE COURSES TO BE FLOWN 
(a) ’ 


FicurE 517.—Points along a great circle drawn on a gnomonic chart are transferred to a 
Mercator chart. 


with straight (rhumb) lines. The zones used in cruise control (ch. XIV) are appropriate 
legs formed by arbitrarily selecting a distance, perhaps 300 miles; a percentage of the 
total flight distance; or a given amount of longitude, usually 5°. The last method 
is most convenient to transfer, since the successive longitudes are whole degrees and 
only corresponding latitudes need be measured. 


The E-10 Computer 


518. Description. Almost any type of navigation requires the solution of simple 
arithmetical problems involving time, speed, distance, fuel consumption, etc. To 
solve such problems quickly and with reasonable accuracy, various types of computers 
have been devised, of which the E-10 is the latest issued to naval aircraft. 

One side of the E-10, shown in figure 518 (reverse side described in art. 606) consists 
of two, flat metallic, disks which can be 
rotated around a common center. These 
disks are graduated near their edges with 
adjacent, logarithmic scales to form a circu- 
lar slide rule approximately equivalent to 
a straight, 12-inch, slide rule. Since the 
outer scale usually represents a number of 
miles, and the inner scale, a number of 
minutes, they are called the miles scale 
and the minutes scale, respectively. 

The numbers on each scale represent 
the product of a power of 10, times 
the printed values. For example, the 
figure 12 on either scale can represent 
12 (=12X16"'), 12 (=12X10°), 120 
(=12X10'), 1200 (=12X10?), ete. In 
other words, simply move the decimal 
point of a printed number left or right 
to give the desired value. Similarly, 
the number 2 can represent 0.2, 2.0, 
20, 200, ete. Figure 518.—Slide rule side of E-10 computer. 
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Since speed (or fuel consumption) is usually expressed in miles (or gallons or 
pounds) per hour (60 minutes), a large, black, arrow, marked speed index is placed at 
the 60-minute mark. If the speed index is set to a number on the miles scale, for 
instance 24, as in figure 518, the two scales show the correspondence between time and 
whatever unit the 24 represents. Thus if 24 represents 240 nautical miles (statute 
miles, kilometers, gallons, or pounds) per hour, the number on the miles scale opposite 
any number on the minutes scale is, in the same units, the distance covered (number of 
gallons or pounds consumed) in the indicated time interval. For example, if speed is 
240 knots, 12 minutes is equivalent to 48 nautical miles. See figure 518. Similarly, 
if 48 gallons of fuel are consumed in 12 minutes, the hourly consumption is 240 gallons. 
Inside the minutes scale is an hour scale expressing time in hours. Referring to figure 
518, it can be seen that at 240 knots, 1"25™ (=85™) will be required to cover 340 nau- 
tical miles. 

The miles scale carries several subsidiary marks to facilitate interconversion of 
nautical miles, statute miles, and kilometers. As shown in figure 518, 165 nautical 
miles equals 190 statute miles, or 305 kilometers. Some computers carry similar 
marks on the minutes scale. If one of these is placed opposite “NAUT.”, “STAT.”’, 
or ‘‘Km’’, on the miles scale, the two scales are so related that a series of distances in 
one of the units can be converted to distances in the other unit by taking the respective 
adjacent numbers without changing the setting. Use of these index marks 1s illustrated 
in article 520. 

Since 1 hour is equivalent to 3,600 seconds, a subsidiary index mark, called seconds 
index, at 36 on the minutes scale of some computers, when placed opposite a speed on the 
miles scale, relates the scales for converting distance to time in seconds. Thus in 
figure 518 if 36 is placed opposite ground speed 144 knots, 50° is required to go 2 nautical 
miles, and in 150° (=2™30*) 6.0 nautical miles are covered. Similarly, if 4 statute 
miles are covered in 100° (=1™40°), ground speed is 144 statute miles per hour. 

A number of examples in the use of the time and distance scales are given in 
article 519. The use of the other features on this side of the E-10 computer is ex- 
plained in other articles: density altitude, article 420; altitude, article 429; Mach 
number, article 432; air speed, article 433; and cross-wind component, article 1506. 

The accuracy of most smal] computers is adequate for ordinary navigational 
purposes. However, it should not be expected to provide the same accuracy as numer- 
ica] computation. When using a slide rule such as this, results are usually considered 
to be accurate to the third significant digit. 

519. Solutions by E-10 computer (answers computed arithmetically).— 

(1) To find distance: 

Given.—Ground speed, 204 knots. 

Required.—Distance traveled in 75 minutes. 

Solution (fig. 519a).—Set the speed index on the minutes scale to 204 on the miles 
scale. Opposite 75 on the minutes scale read 255 nautical miles on the miles scale. 

(2) To find ground speed: 

Given.— Distance traveled, 140 nautical miles; elapsed time, 40 minutes. 

Required.—Ground speed (GS). 

Solution (fig. 519b).—Set 40 on the minutes scale opposite 140 on the miles scale. 
Opposite the speed index (60) read the GS, 210 knots. 

(3) To find tume: 

Given.—An aircraft is approaching its destination at a ground speed of 160 knots. 
The destination is 200 nautical miles away. 

Required. —Time for aircraft to reach destination. 
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Figure 519a.—Given speed and time, to FicurE 519b.—Given distance and time, 
find distance. to find speed. 





FiGuRE 519¢c.—Given speed and distance, Figure 519d.—Given fuel consumption rate and 
to find time. time, to find fuel consumed. 


Solution (fig. 519c).—Set speed index on minutes scale opposite 160 on miles scale. 
Opposite 200 on miles scale read 75 minutes on minutes scale. 

(4) To find gasoline consumption: 

Given.—At cruising speed the fuel consumption averages 460 pounds per hour. 
The aircraft has b2en in the air at cruising speed for 3 hours (180 minutes). 

Required. Amount of gasoline consumed. 

Solution (fig. 519d).—Set speed index on minutes scale to 46 on miles scale. Oppo- 
site 180 (3 hours) on minutes scale read 1380 pounds on miles scale. 

(5) To find possible cruising time: 

Given.—An aircraft uses 35.5 gallons of gasoline per hour while cruising. The 
main tank holds 100 gallons. 

Required.— Possible cruising time on main tank. 

Solution (fig. 519e).—Set the speed index (60) on minutes scale to 35.5 on miles 
scale. Opposite 100o0n miles scale read 169 minutes (2 hours 49 minutes) on minutes scale. 

520. Conversion of distances.—By definition, one meter equals 39.37 inches 
exactly. Therefore, one meter equals 39.37 /12=3.28083-+ feet, and one kilometer equals 
3280.83-+ feet. Since one statute mile equals 5280 feet exactly, and one nautical mile 
equals 6076.10 feet approximately (art. 108), 


1 nautical mile= 1 statute mile= 1 kilometer = 


1.15078 statute miles 0.86898 nautical miles 0.53996 nautical miles 
1.85200 kilometers 1.60935 kilometers 0.62137 statute miles 
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FicurE 519e.—Given fuel consumption and Fiaure 520a.—Converting nautical miles to 
tank capacity, to find cruising time. statute miles and kilometers. 


Thus, approximately 66 nautical miles=76 statute miles=122 kilometers. As ex- 
plained in article 518, subsidiary index marks are placed at these values on the miles 
scale of the E-10 and also on the minutes scale of some computers. (For greater 
accuracy, the Km mark should be placed at approximately 122.25.) Two methods 
are thus available for converting distances; (1) for a single distance and (2) for a series 
of distances. 

(1) Single distance.—Set the distance in nautical miles on the minutes scale op- 
posite “NAUT.” (66) on the miles scale. Read the corresponding distance in statute 
miles and kilometers on the minutes scale under “STAT.” and “Km.” 

Example 1.—Convert 104 nautical miles to statute miles and kilometers. 

Solution (fig. 520a).—Set 104 opposite “NAUT.” on the miles scale and under 
“STAT.” and “Km” read on the minutes scale 120 statute miles and 192 kilometers. 





Ficure 520b.—Converting a series of distances; Fiaure 520c.—Converting a series of distances; 
statute miles to kilometers. kilometers to nautical miles. 
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(2) Series of distances.—Opposite the index mark on the miles scale for the unit 
desired, set the appropriate number for the given unit on the minutes scale as follows: 
nautical miles 66, statute miles 76, kilometers 122. The scales are now set to convert 
any value in the given unit to the equivalent value in the desired unit. 

Example 2.—Convert the following distances in statute miles to kilometers: 120, 
48, 960, 3050. 

Solution (fig. 520b).—Set 76 on the minutes scale opposite ““Km.”’ on the miles 
scale. Read the distances in kilometers on the miles scale opposite given distances 
on the minutes scale. 

Answers.—193, 77, 1545, 4909 kilometers. 

Example 3.—Convert answers to example 2 to nautical miles. 

Solution (fig. 520c).—Set 122 on the minutes scale opposite ‘“‘NAUT.” on the miles 
scale. Read the distances in nautical miles on the miles scale opposite given distances 
on the minutes scale. 

Answers.—104, 42, 834, 2651 nautical miles. 


SET 





FiacurE 521a.—To multiply two numbers, Ficure 521b.—To divide one number by 
place the index under one number, and another, place the number to be divided 
find the product over the other number. (dividend) over the dividing number (di- 


visor), and find the quotient over the index. 


521. Multiplication and division can be considered as a process of adding and sub- 
tracting, respectively, the logarithms (logs) of two numbers. Thus, to multiply 12 by 
2 and divide the product by 8, one can add the logarithm of 2 to the logarithm of 12, 
and then subtract from the sum the logarithm of 8. Thus, 


12 log 1.07918 
(x<)2 log (+).30103 
24 log 1.38021 
(+)8 log (—).90309 
3 log A7712 


The two peripheral scales on the E-10 computer are logarithmic scales; that is, they 
are graduated so that the scale distance from 1.0 (printed 10 and called the index) to 
any other number is proportional to the logarithm of that number. Thus, the distance 
from the index to 12 is proportional to the logarithm of 12, and, the distance from the 
index to 2 is proportional to the logarithm of 2. Since the scales match when the 
indices are brought together, if the index on the minutes scale is placed opposite 12 on 
the miles scale, the minutes scale is offset by log 12. Thus the log of any number such 
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as 2 is added to log 12 by increasing the distance from the index to 12 on the miles 
scale by the distance from the index to 2 on the minutes scale. In figure 521a, the index 
on the minutes scale is placed opposite one of the numbers to be multiplied (12), and the 
product (24) is read on the miles scale above the other number (2) on the minutes scale. 

Numbers are divided by decreasing the log of one number by the log of the other 
number. Thus, to divide 24 by 8 (fig. 521b), set the divisor (8) on the minutes scale 
opposite the dividend (24) on the miles scale, and read the quotient (3) on the miles 
scale opposite the index on the minutes scale. 

The rules for placing the decimal point are given in most algebra texts. However, 
in the computations encountered in air navigation, as in the above example, there is 
usually no doubt as to the decimal point in the result. 

Another method of visualizing the multiplication and division of numbers on a 
slide rule is to consider them in the form of a proportion. Thus: 


(miles scale) 24 3 (miles scale) 
(minutes scale) 8 1 (minutes scale) 


Figure 521b shows that if 8 is set opposite 24, the two scales are in proportion all 
around. Thus, for example, 
24 3 345 


ate 


Practical Plotting 


522. Flight plan.—Before any flight is made, certain preliminary steps are taken 
by the navigator. Various items of information concerning the flight are tabu- 
lated, plotted, computed, and logged. Ordinarily, the information available before 
take-off consists of the course or courses to be followed, the distance to be flown, the 
ground speed at which the distance is to be covered, the geographic points to be flown 
over, the time to depart, the time to turn, weather conditions, and other similar data. 
These constitute the flight plan. 

In order to prepare an elementary flight plan, the student should follow the steps 
which are listed below (see art. 525 for typical elementary flight): 

1. Unless a chart of the area is available, prepare a plotting sheet by orienting it 
for north or south latitudes, as appropriate, and label the meridians according to the 
longitudes, involved. 

2. Plot the point of departure, destination, and other positions pertinent to the 
flight. 

3. Draw the course line between the point of departure and destination if the 
flight is to have a single leg, or all course lines if there is to be more than one leg. 

4. Measure the directions of courses, and the distances between the points to be 
flown over. 

5. If a definite amount of time has been given to complete the flight, compute the 
GS necessary to comply. If no time limit has been assigned to complete the flight, 
determine a suitable GS. 

6. Compute the minutes on leg (for each leg, if more than one) using the GS and 
distance. 

7. Determine the ETA’s at destination, turning or reporting points, by adding the 
minutes on leg to the time of starting theleg. (The handling of weather data ordinarily 
included in flight planning is discussed in ch. XIV.) 

After all this information has been compiled and recorded, the navigator is ready 
for take-off. His work is not completed, for many tasks await him during the flight. 
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523. Elementary flight procedure.— When the aircraft has taken off, the navigator 
records the time of departure (TD). On long flights Greenwich mean time (GMT) 
is customarily used for all entries. One of the watches carried by the navigator is 
usually set to GMT for convenience. For the present, the student may consider GMT 
to be: 


Eastern standard time + 5 hours. Mountain standard time + 7 hours. 
Central standard time + 6 hours. Pacific standard time + 8 hours. 


The navigator now checks to see if the aircraft is proceeding in the correct direction 
and at. the correct speed. Ifthe flight is over land and there is no undercast, these checks 
can be accomplished easily by reference to landmarks. This type of navigation, called 
visual navigation, is discussed in detail in chapters III and VIII. If there is an under- 
cast or the flight is over water, no landmarks may be visible, and the navigator checks 
his progress by means of the heavenly bodies (celestial navigation, chs. XVI through 
XXIV) or electronic equipment (electronic navigation, chs. XI through XIII). 

In the majority of flights, the track of the aircraft does not coincide with the course. 
This may be due to the actual wind being different from that predicted, or to any of a 
number of other unforeseen circumstances. Usually the track cannot be determined 
until after the aircraft’s position has been established. Since the methods of fixing 
position have not yet been discussed, fixes to be plotted in the following illustrative 
flight and problems are included in the given data. The track can be found by plotting 
a straight line from the point of departure to the first fix, and measuring its direction 
with the plotter. Ground speed can be determined by measuring the distance between 
the point of departure and the first fix, and dividing this by the time involved. 

The fix indicates whether or not the aircraft is on course and flying at the predicted 
ground speed (PGS). If the aircraft is not on course, and continues in the same direc- 
tion, it will not reach its destination. Changes are needed if the aircraft is to maintain 
its schedule. A new course, needed at this time, cannot be plotted from the fix to 
the destination because by the time a new course has been plotted, the aircraft is no 
longer at the fix. Therefore, the old track is extended through the fix and a DR 
position established several minutes later. This will give the navigator time to plot 
the new course (from the DR position to the destination) and inform the pilot of the 
necessary changes and the time to make the alteration. In plotting the DR position 
for changing course, the navigator uses the GS established by the fix, not the PGS. 
Whenever the navigator makes necessary course alterations, he also computes a new 
estimated time of arrival (ETA). 

Thus, when laid down on a chart, a series of lines, whose directions represent suc- 
cessive courses and tracks of the aircraft, and whose lengths represent the distances 
traveled in each of these directions, portray graphically the step-by-step progress 
of the aircraft over the surface of the earth. To avoid a welter of meaningless lines, 
each line or position should be properly and neatly labeled or symbolized. 

524. Plotting hints.—The following suggestions should prove helpful in developing 
good plotting procedure: 

1. Measure all directions and distances carefully. Check and double check all 
measurements, computations, and positions. 

2. Avoid plotting unnecessary lines. If a line serves no purpose, erase it. Do not 
allow lines to extend beyond their useful limits. 

3. Keep plotting equipment in good working order. If the plotter is broken, 
replace it. Keep points on dividers sharp. Use a sharp-pointed, soft pencil, and an 
eraser that will not smudge. 
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4. Draw light lines at first, as they may have to be erased. When the line has been 
checked and proven to be correct, then darken it if desired. 

5. Hold the pencil against the plotter at the same angle throughout the entire 
length of the line. 

6. Label lines and points immediately after they are drawn. Use standard labels 
and symbols. Letter the labels legibly. Be neat and exact. Be sure to label all 
latitudes N or S, and longitudes E or W. 


Typical Elementary Flight 


525. Flight plan (fig. 525). —Orders for the flight.—Depart from Point Able at 1200 
GMT and fly to Point Baker. Proceed from Point Baker to Point Charlie and back 
to Point Able. Return to Point Able by 1600 GMT. Investigate any ships or objects 
observed. Avoid any thunderstorms encountered enroute. 

Plotting equipment and materials.—Plotting sheets, plotter, dividers, E-10 com- 
puter, pencil, and eraser. 


Preparing the plotting sheet: 
1. Orient the plotting sheet for north latitude. 
2. Label the mid meridian 80° W. 
3. Plot the following positions: 


Point Able—lat. 28°30’ N, long. 81°45’ W. 
Point Baker—lat. 29°40’ N, long. 78°55’ W. 
Point Charlie—lat. 27°23’ N, long. 78°16’ W. 


Measurements and computations: 


Course from A to B is 065°—distance 165.5 miles 
Course from B to C is 166°—distance 141.5 miles 
Course from C to A is 290°—distance 198.0 miles 


A Wc i: 1 Reena nate ORE ror distance 505.0 miles 


Since the total time for the flight is to be 4 hours, or 240 minutes, and the total distance 
is 505 miles, the predicted ground speed must be 1264K. In order to cope with un- 
foreseen circumstances, the PGS is rounded off to 130K. 

Using PGS 130K, the navigator computes the ETA for each leg and logs it on the 
plotting sheet. (Normally, the PGS would not be the same for each leg as it would vary 
with the heading, but for simplicity, a constant ground speed is assumed.) 

526. The flight——1. The aircraft departs Point Able on schedule at 1200 GMT, 
and the TD is logged on the chart. 

2. The aircraft follows the course of 065° until 1230 GMT, at which time it alters 
to TC 031° to investigate a ship which had been sighted. At 1237 GMT the aircraft 
passes directly over the ship, which radios its position as lat. 29°10’ N, long. 80°30’ 
W. Using this information as a fix, the navigator computes a new course to Point 
Baker while the aircraft orbits the ship. 

3. At 1240 GMT the aircraft sets out on the new course 070° and the GS is in- 
creased to 150K in order to arrive at Point Baker on time. 

4. At 1316 GMT the aircraft passes directly over Point Baker and immediately 
sets course for Point Charlie at PGS 130K. The position over Point Baker represents a 
fix. Since the aircraft left a fix over the ship and now is directly over Point Baker, 
which is another fix, the track of 070° is found to agree with the course of 070°. Or 
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Figure 525.—Typical elementary flight. 


it could be said, the course of 070° was maintained. The GS between fixes is checked 
and proves to be 150K, which agrees with the PGS. 

5. The aircraft follows the course of 166° until 1345 GMT, at which time the course 
is changed to 105° to avoid a thunderstorm. At 1357 the course is changed to 185° 
to proceed directly to Point Charlie, and the GS is increased to 170K to arrive on time. 

6. At 1422 the aircraft arrives over Point Charlie within one-half minute of its 
ETA. It is not probable that the aircraft would arrive exactly over Point Charlie. 
Dead reckoning is not ordinarily so precise. Normally, the aircraft would arrive 
within visual or radio range of the target, and a minor change of course would be 
needed to arrive over it. 

7. The aircraft circles Point Charlie while waiting for any further radio instruc- 
tions. Since there are no orders, course is set for Point Able at 1426 and GS is reduced 
to 130K. 

8. At 1522 GMT a loran fix is obtained: lat. 27°55’ N, long. 80°45’ W. The 
method of determining this fix is discussed in chapter XIII. After the fix is plotted, the 
track and GS are checked. It is found that the track has been 284° and the GS 146K. 
If the aircraft continues on this track, it will not arrive at Point Able. Therefore a DR 
position 10 minutes ahead of the aircraft is plotted for 1532 GMT, and a new course 
laid off from it to Point Able. 
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9. At 1532 GMT the aircraft changes course to 314° as planned. Since the 
aircraft is ahead of schedule, the GS is reduced to 100K to arrive on time. 

10. At 1551 GMT Point Able is sighted dead ahead and at 1557 GMT the aircraft 
is directly over Point Able. After being cleared by the tower the aircraft lands at 
1600 GMT. 

In this flight many factors such as headings, air speeds, methods of obtaining fixes, 
Wiads, etc., have been omitted. After these factors have been discussed, additional 
synthetic flights will include them. 


Problems 


(All solutions to be obtained by E-10 computer) 


519a. Giren.— (1) (2) (3) (4) 
TAS 165K 145K 560K 190K 
Time 40™ 58™ 2°10™ 1°38™ 


Required.—The distance. 
Answers.—(1) 110 mi., (2) 140 mi., (3) 1,213 mi., (4) 310 mi. 


519b. Given.— (1) (2) (3) (4) 
Distance 430 mi. 160 mi. 3,000 mi. 1,100 mi. 
Time 1°50™ 79™ 14°30™ 5°50™ 


Required.—The ground speed. 
Answers.—(1) 235K, (2) 122K, (3) 207K, (4) 189K. 


519¢. Given.— (1) (2) (3) 
GS 165K 135 stat. mi. per hour 195K 
Distance 310 naut. mi. 410 naut. mi. 98 stat. ml. 


Required.—The time in hours and minutes. 
Answers.—(1) 1°53™, (2) 3530™, (3) 0°26". 


519d. Given.—An aircraft’s engines consume 94 gallons of gasoline per hour. 

Required.—The number of gallons to complete a 5 hour flight, allowing a reserve 
of 2 hours flying time. 

Answer.—658 gallons. 


519e. Given.—An aircraft’s tanks contain 1,500 gallons of gasoline. The engines 
consume 140 gallons per hour at cruising speed and 216 gallons per hour during normal 
climb. 

Required.—If climb at normal rate requires 12 minutes, (1) find number of gallons 
remaining after 1 hour, (2) after 3°24™, (3) assuming gasoline consumption at cruising 
rate during let-down, how long after take-off can the aircraft fly, allowing a reserve of 
280 gallons at the end of the flight? 

Answers.—(1) 1,345 gal., (2) 1,009 gal., (3) 8236". 


519f. Required —Convert the following statute miles to nautical miles: 


(1) (2) (3) (4) 
27 896 53 1,980 
Answers.— (1) (2) (3) (4) 


23.4 778 46 1,720 
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519g. Required —Convert the following nautical miles to statute miles: 
(1) (2) (3) (4) 
972 46 1,380 33 
Answers.— (1) (2) (3) (4) 
1,120 53 1,590 38 
§19h. Required.—Multiply the following: 
(1) (2) (3) 
27 X53 463 14 264X175 
Answers.— (1) (2) (3) 
1,430 6,480 46,200 
519i. Required.—Perform the following divisions: 
(1) (2) (3) 
1,478-- 127 846234 563 mi.+-162K 
(state time in hours and minutes.) 
Answers.— (1) (2) (3) 
11.6 3.6 3529™ 


CHAPTER VI 
WIND AND ITS EFFECTS 


601. Introduction. Wind is air in approximately horizontal motion. Since air 
has a certain mass, moving air exerts a force (push) in the direction of its motion on 
any stationary object in its path. An air navigator, however, is interested not in the 
force acting on his aircraft, but in the motion resulting from that force. Accordingly, 
he speaks of the direction and speed of the wind, rather than its force. 

Wind direction is the direction from which the wind blows. It is normally given as 
true; however, take-off and landing instructions at airfields usually give wind as coming 
from a magnetic direction. Speed is rate of motion, as 30 miles per hour, regardless 
of direction. In the United States, wind speed is usually expressed in knots. Wind 
velocity (WV) includes both wind direction (WD) and wind speed (WS) and is recorded 
WV 270°/15K, or for a tabular arrangement, as in a log: 


WD/Ws 
270°/15K 


Wind velocity is frequently contracted to the one word “‘wind”’ for brevity and 
convenience. In diagrams involving wind, the wind vector (art. 603) is labeled 
WD 090° ee WV 090°/15K 
WS 15K 
speed are shown. The phrase “wind velocity” is not used correctly to indicate wind 
specd alone. . 

602. Drift and drift corrections.—Since a blimp with its motors stopped moves 
with the wind, it can be considered motionless with respect to the air in which it floats, 
but with respect to the ground it is moving with the velocity of the wind. Thus, if 
WV is 270°/40K, the blimp is moving over the earth, its TR being 090°, GS 40K, as 
shown by the broken line at the bottom of figure 602a. If the engines are started and 
run at a power setting to produce a TAS of 90K, the velocity of the blimp is no longer 
the same as that of the wind, since the blimp is now in motion with respect to the air, 
as well as with respect to the earth. If it heads directly upwind (TH 270°), its GS is 
TAS—WS=50 knots. If it heads directly downwind (TH 090°), its GS is TAS+ WS= 
130 knots. If the TH is 000°, the solution is not quite as simple. If the engines were 
started at A (fig. 602a) in still air, the TR would be 000°, and GS 90K. At the end of 
one hour it would arrive at B, 90 miles, bearing 000° from A. Point B is called the 
no-wind (NW) position. With WV 270°/40K, the blimp would drift to the right (east- 
ward) until at the end of the hour it would be at Point C, 40 miles from the NW position. 
Thus, during one hour the blimp’s engines carry it 90 miles north and the wind carries 
it 40 miles east. Since both of these motions take place during the same hour, the 
blimp moves along line AC, C being the point. 90 miles north and 40 miles east of A. 
The line AC, extending in direction 024°, is the actual path of the blimp over the ground, 
or the track. The angular difference between TH and TR is the drift angle (DA), fre- 
quently called drift. Drift is always labeled right or left. In this case, drift is 24° right 
because the wind is blowing the blimp toward the right. The track line is always 
downwind from the heading line. 

Refer again to figure 602a. The distance from A to C is not the same as the 
distance from A to B. In this example, the distance from A to Cis 98 miles, and 
since the time of flight is one hour, the GS is 98K. 

122 








—-— to indicate that. both wind direction and wind 
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FicurE 602a.—The effect of wind on the 
motion of an aircraft. FicurE 602b.— Allowing for wind. 


In the solution of this and most other wind problems, one line (AB) represents TH 
by its direction and TAS by its length. Another line (BC) represents wind velocity 
by its direction and length, while the third line (AC) represents TR by its direction and 
GS by its length. Lines which represent both direction and speed are called vectors. 
These are more fully discussed in article 603. Note that TAS and TH are always asso- 
ciated, as are GS and TR. 

In the example given above, it was assumed that a lighter-than-air craft made 
the flight. The effect of wind is the same on any craft that is airborne. 

Suppose, now, that it is desired to proceed from A to B, a distance of 90 miles 
north using TAS 90K. As in figure 602a, if there is no wind, TH and TR are both 000°, 
TAS and GS are both 90K. If the wind is the same as before, WV 270°/40K, the drift 
is still right. However, it is not 24°, a new solution being necessary to determine the 
amount. As shown in figure 602b, the GS is less, 81K as compared with 98K in figure 
602a. Consequently, a little more time is needed to make good the distance from 
A to B, and the aircraft will drift a little farther downwind. At the end of one hour, 
the NW position is at C’, 90 miles from A, but, since there 1s wind, 2n one hour, the 
aircraft will drift 40 miles downwind to B’. By measurement AB’, the length of the 
track for one hour, is found to be 81K, the GS. It will take 67 minutes to reach B, so 
that the wind acts for 7 minutes longer than in the previous example, and the distance 
from C to B is 45 miles. The NW position after one hour is C’ and 7 minutes later is C. 
Note that if the wind effect for 1 hour is laid off from the NW position after an hour, 
the direction of TR from A is established by point B’. The angle between the heading 
line and the course line that will correct for a known wind is called drift correction angle 
(DCA), or simply drift correction, and the process of applying the drift correction is 
called correcting for drift. The difference between drift angle and drift correction angle 
lies in the direction in which it is applied. In this example, predicted drift is 26° right 
but the drift correction angle is 26° left. Note that the drift in this problem is greater 
than the situation of figure 602a. 

603. Vectors and vector diagrams.—It was pointed out in article 601 that the term 
wind velocity includes both direction of motion and speed. Any quantity having both 
direction and any other magnitude such as speed or distance is called a vector quantity 
and can be represented by a line called a vector. Neither time nor miles per gallon are 
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vector quantities because no direction is involved. Neither direction nor speed, by 
itself, is a vector. These are called scalars. On the other hand, motion of an aircraft 
through the air or over the ground is a vector because both speed and direction are 
involved. The direction of a velocity vector represents the direction of motion, and its 
length to a suitable scale represents the speed. 

Vectors may be added or subtracted, this usually being done graphically. In 
figure 602a, the line AB is the heading-air speed vector. The line BC is the wind vector. 
The combination of the two velocities, heading-air speed and wind resulted in motion 
of the aircraft from A toC in one hour. Line AC is called the resultant of the addition 
of the two vectors AB and BC. In figure 602a, the resultant is determined graphically 
by plotting AB in the direction of the heading and of length (to the scale shown) repre- 
senting air speed; plotting the wind vector from the end of the heading vector, its direc- 
tion and length representing the direction of motion and speed of the wind; and then 
connecting A and C by a straight line. The track-ground speed vector AC could have 
been computed mathematically by solving the triangle, but in air navigation the usual 
method is to plot and measure. If correct results are to be obtained, all vectors in a 
given problem must be drawn to the same linear scale. 

Vectors provide a convenient means of solving a number of navigational problems. 
For example, if WV is 210°/30K and an aircraft is heading 000°, how much of the wind 
is helping the aircraft along its course and how much is tending to blow it off course? 

The solution of such a problem is called the resolu- 
c tion of vectors, which means that the vector 
% representing the wind, AB in figure 603, is re- 
solved into two components, AC parallel to the 
heading and AD perpendicular to it. There are 
several methods of determining these components, 
but the following is perhaps the simplest. From 
any point A, draw a line in the direction the wind 
1g blowing, that is 030° (210°—180°), and with any 
scale lay off a length of 30 units. Also from A 
draw AC in direction 000° and AD perpendicular 
to it (090°). From B draw lines parallel to AC 
and AD, intersecting them at D’ and C” respec- 
tively. AC’, measured on the same scale, is the 
> tailwind vector component of the wind along the 
heading (26K), and AD’ is the crosswind vector 
component (16K) perpendicular to the heading. 
The crosswind component is used in pressure pat- 
tern navigation (ch. XV). Any vector can be resolved into components in any direction, 
but usually components perpendicular to each other are selected, in which case the lines 
BC’ and BD’ are perpendicular to the lines they intersect. 

Since Q’B equals AD’, the addition of component AD’ to component AC” defines 
the resultant AB. That process, called vector addition or composition of components, 
is the reverse of the resolution of vectors. Any number of vectors can be added by 
joining them together in any order, tail to head or head to tail. The line from the 
tail (or head) of the first to the head (or tail) of the last is the resultant of all the com- 
ponents. This process is frequently used to determine the mean or average of several 
velocities. (See art. 613.) 

604. The wind triangle.—The solution of a problem involving velocities and drift 
is usually done by means of a vector diagram called a wind triangle. Naval aviators 
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use a standardized system of symbols. The wind vector is represented by a line ew 
as shown in figure 604a. Note that ew is drawn in the direction toward which the wind 
is blourng, not the direction from which it blows. 
The heading-air speed vector is the line wp. The 
track-ground speed vector is the line ep. These 
svmbols are always used to represent the same 
quantities. 

Example 1.—Using the data of the problem 
solved in figure 602b, let it be required to find the 
heading to allow for drift, and the ground speed. / 

Given.—TC 000°, TAS 90K, WV 270°/40K. 

Required.—TH, GS, and PDA (predicted drift 
angle). 

Solution (fig. 604a).—(1) From any point, e, «0 
draw ew in direction 090° (270°—180°) and to any 
scale measure off 40 units. This establishes points e 
and w. 20 

(2) From e lay off the course vector (ep) 000° 
of indefinite length. Point p is somewhere on this 
line. . 

(3) From w swing an arc with a radius of 90 =‘ Figure 604a.—The wind triangle. 
units intersecting the course vector at p. Triangle 
ewp is the wind triangle. The respective lines should be marked with arrowheads 
and labeled as shown in the diagram. 

(4) TH is the direction of line wp, 334°. 

(5) GS is the length of ep, 81K. 

(6) PDA is the angle epw, 26°, and it is right because (extended) it is to the right 
of TH (extended). 

Answer.—TH 334°, GS 81K, PDA 26° right. 

Since drift is always measured from the heading to the track or course, it might 
appear from figure 604a that drift is to the left. Remembering that drift is always 
downwind, it is easy to visualize that drift is right by looking at the wind direction in 
relation to the heading direction. If the heading and course lines are extended through 
their intersection, it will also appear that drift, from the heading to course, is right. 
Again, looking from p back toward w, it will be seen that TC is to the right of TH. 

The above example illustrates the solution of a wind problem when wind, air speed, 
and course or track are given. Sometimes wind, heading, and air speed are known, and 
the problem is to determine the track and ground speed. 

Erample 2.— 

Given.—TH 334°, TAS 90K, WV 270°/40K. 

Required.—(1) The track. 

(2) The ground speed. 

Solution (fig. 604a).—(1) Draw ew, the wind vector. 

(2) From w draw a line wp in the direction of the heading and 90 units long. 

(3) Joineand p. Line ep is the track (000°) and its length (81 units) is the ground 
speed. 

Answers.—(1) TR 000°, (2) GS 81K. 

By use of similar procedure, the velocity of the wind can be determined if the 
heading and air speed (wp) and the track and ground speed (ep) are known. 
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The wind triangle is composed of the following elements: 


Vector Direction Speed 
wp heading air speed 
ep track or course ground speed 
ew reciprocal of wind wind speed 
direction 


The drift angle, epw, is the only one of the three angles named. If any four of the six 
basic elements are known, the remaining onescan befound. Suppose, for example, the 
following data are given: 

Example 3.— 

Given.—TH 150°, TAS 122K, TR 160°, GS 148K. 

Required.—Wind direction, wind speed, and drift angle (DA). 

Solution (fig. 604b).—(1) Lay off wp 150°, 122 units, thus establishing p. 
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Ficure 604c.—Standard arrange- 
ment of wind triangle. 





FicureE 604b.—Solving for wind velocity 
and drift. 


(2) From p, lay off ep 160°, 148 units, but in the reciprocal direction. (ep, not pe, 
is 160°.) 

(3) Joine and w. The vector ew is the required wind vector. By measurement, 
WV is found to be 0159/35K. Note that the wind blows from e toward w. : 

(4) Drift is the angle epw, 10° right. 

Answer.—WYV 015°/35K, DA 10° right. 

Care should be used to place arrowheads on the lines of the triangle, otherwise 
the reciprocal direction may be used by mistake. The directions of the elements of 
the wind triangle are always e——w, w—-—>p, and e—->p, as shown in figure 604c. 
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FicureE 605a.—The Mark 6A plotting board. 
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605. Mark 6A plotting board solution. Any problem involving the wind triangle 
can be solved graphically on plain paper, using only a protractor and a suitable scale. 
However, numerous devices have been prepared to facilitate solution of such problems, 
particularly in small aircraft, which do not have desk space and in which the pilot may 
also be the navigator. 

Figure 605a illustrates a Mark 6A plotting board, widely used by naval aviators 
for the solution of wind triangle problems. The device consists of a thick piece of 
frosted plastic with a compass rose printed on the under side. An opaque disk im- 
printed with concentric air-speed circles and a rectangular grid is pivoted to the under 
side. On one side of the disk the speed circles are graduated from 0 to 180, and on the 
other side from 0 to 240. Provision is made for disengaging the disk and reversing 
the side placed uppermost. Additional disks with other speed combinations are also 
available. One of the grid lines through the center is marked true index. The other 
center grid line is called cross inder. A variation scale on both sides of the true index 
is available for use if desired. The plotting board is hinged at the top. By pressing 
the plunger at the lower left-hand corner, one can release the catch and lift up the plot- 
ting board, which serves as the top of a shallow container housing a pencil and several 
clear plastic holders in which frequently-used data can be inserted. A computer and 
answer form are on a tab attached by a sliding contact to the bottom of the device. In 
figure 605a the tab is shown in the extended position. The Mark 6A plotting board is 
a modification of the Mark 3 and Mark 3A plotting boards, which have been widely 
used. 

In standard Navy procedure the center of the template, called the grommet, al- 
ways represents w in the wind triangle. The wind vector flies with the wind motion 
and ends in the center. Heading vectors radiate from w at the center and end on an 
air-speed circle. The course (track) vector runs from e, the tail of the wind vector, to p, 
the head of the TH vector. On paper these vectors are usually drawn as lines, but on 
the Mark 6A plotting board, small circled dots at e and p are sufficient. Lines may 
be drawn if desired. This is usually advisable until one gains confidence in his 
ability to visualize the solution. Straight lines on the disk parallel to ep are called 
track lines, and those perpendicular to ep are called speed lines. 

Examples of Mark 6A plotting board solutions follow. The vector lines are shown 
to help the student visualize the wind triangle. 

Example 1.— 

Given.—WV 100°/30K, TH 041°, TAS 150K. 

Required.—(1) Track. 

(2) Ground speed. 

(3) Predicted drift angle. 

Solution.—(1) Rotate the disk until any of the index lines is under 100° (WD). 

(2) Make a dot at the point where the 30K speed circle intersects the index line 
in direction 100° from the center. Label this point. e, and the center of the board w. 

(3) Rotate the disk until any of the index lines is under 041° (TH). Make a dot 
at the intersection of this and the 150K air-speed circle and label this point p (fig. 
605b). 

(4) Rotate the disk until points e and p are both on one of the grid lines, or the 
same distance from one. At the end of the index line parallel to the one through e 
and p, read the track, 030° (at the end nearest p) (fig. 605c). 

(5) The length of the track line between e and p represents ground speed. It is 
measured by counting the speed lines between e and p. In this example GS is 137K. 
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(6) PDA=TR (030°)—TH (041°)=11° left. 

Answers.—(1) TR 030°, (2) GS 137K, (3) PDA 11° left. 

Problems of this type arise when the pilot initiates changes of heading or air speed. 
The navigator reads TH and TAS from his instruments and must, of course, have a 
knowledge of the wind. 

Example 2.— 

Given.—Wind 320°/30K, course 180°, true air speed 120K. 

Required.—(1) Ground speed. 

(2) Heading to make good the course. 

(3) Predicted drift angle (PDA). 

Solution.—(1) Rotate the disk until any of the index lines is under 320°. 

(2) Make adot at the point where the 30K speed circle intersects the index line 
in direction 320° from the center. Label this point e, and the center of the board w. 

(3) Rotate the disk until any of the index lines is under 180°, the required course. 
All of the vertical lines on the disk are now oriented in direction 180°. 
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Figure 605c.— Mark 6A plotting board solution for track, ground speed, and drift angle, step 2. 


(4) By inspection, locate point p on the 120K air-speed circle at its intersection 
of a line from point e parallel to the index line. The ground speed is found by count- 
ing the number of speed lines from e to p (143K). 

(5) Rotate the disk until one of the index lines is under point p and at the end of 
the index line (nearest p) read the TH, 189° (fig. 605 d). 

(6) PDA=TR (180°)—TH (189°) =9° left. 

Answers.—(1) GS 143K, (2) TH 189°, (83) PDA 9° left. 

Problems of this type arise when the course to destination has been established, 
WV is known, and a desired TAS is to be used. The problem is frequently solved 
in the preparation of a flight plan. 

Example 3.— 

Given.—WV 140°/40K, TC 180°, GS 102K. 

Required.—(1) TH, (2) TAS, (3) PDA. 

Solution.—(1) Plot and label points e and w as previously described. 

(2) Rotate the disk until any index is under the TC (180°). All track lines are 
now oriented in the direction of the TC. From point e follow a track line (180°) 
for a distance representing the GS (102K), thus locating point p. 
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Ficure 605d.— Mark 6A plotting board solution for ground speed, heading, and predicted drift angle. 


(3) Rotate the disk until an index is under p, and read TH (169°) on the com- 
pass rose (fig. 605e). 

(4) Read TAS (135K) on the interpolated speed circle under p. 

(5) PDA=TR (180°)—TH (169°)=11° right. 

Answers.—(1) TH 169°, (2) TAS 135K, (3) PDA 11° right. 

Problems of this type also arise in flight planning, when the course and predicted 
wind are ascertained before take-off and the aircraft must make good a certain GS in 
order to arrive at the destination at a prescribed time. 

Example 4.— 

Gien.—TH 260°, TAS 135K, TR 268°, GS 117K. 

Required.—WV. 

Solution.—(1) Rotate the disk until any of the indexes is under TH (260°). Plot 
point p on the intersection of the index line and the 135K speed circle. 

(2) Rotate the disk until any index is under TR (268°). From point p measure 
117K along the track line, but in the reverse direction (088°) thus locating point e. 

(3) Rotate the disk until any index is under e and read WV 220°/25K (fig. 605f). 

Answer.—WV 220°/25K. 
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FicureE 605e.— Mark 6A plotting board solution for true heading, true air speed, and 
predicted drift angle. 


Problems of this type are frequently encountered in flight after flying for some 
time at a constant TH and TAS and a fix is obtained. The direction of a line between 
the previous fix or the point of departure and the present fix establishes the TR and 
the distance divided by time is GS. Wind established by a fix is the mean or average 
wind. It is not necessarily the wind prevailing at the time of the latest fix, but may 
be used as such in the absence of better information. (See art. 611.) 

In addition to the four types of solutions described above, two special cases are 
discussed in articles 615 and 616. 

606. E-10 computer solution.—Another device, the E-10 computer (fig. 606a), 
is very popular with air navigators because of its convenience and small size. The E-10 
is being issued to military aircraft to replace the E-6B computer which it resembles 
in principle and design, in order to accommodate the higher speeds of present-day aircraft. 

The device consists of: 

1. A metal frame in the center of which is a translucent plotting disk which can 
be rotated within the frame. The plotting disk is surrounded by a compass rose 
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Ficure 606f.— Mark 6A plotting board solution for wind velocity. 


which rotates with the disk. The top of the frame is graduated in degrees right and 
left from a true index in the middle. These scales are for measuring drift and are 
labeled right and left. The scales may also be used to represent variation east or west. 
At the center of the plotting disk is a small reference circle. Being located over the 
grommet which secures the computer dial to the back of the frame, the circle is sometimes 
called the grommet. 

2. A reversible slide which can be moved through the frame, beneath the plotting 
disk. ‘The slide is imprinted with diverging track lines and a series of concentric speed 
circles. Track lines are 1° apart (2° near the bottom), and each speed circle repre- 
sents 2 knots. The central track line, called the center line passes under the center 
of the plotting disk, its direction coinciding with the true index. The center of the 
circles, at which the track lines meet, is off the lower end of the slide. On one side 
of the slide the speed circles are numbered from 80 to 400, and on the reverse side 
are numbered from 250 to 800. The reverse side also carries a rectangular grid num- 
bered from 0 to 90, and a table for correcting calibrated airspeed for compressibility 
effects. (See fig. 606b.) 
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3. A computer on the reverse of the frame. (See art. 518.) 

The solution of a wind triangle on the E-10 computer is similar to a solution per- 
formed on plain paper or the Mark 6A plotting board except that point p, the origin 
of the track lines and speed circles, is off the slide, and the wind vector, ep, is reversed 
so that the wind arrow flies into the wind. Point w is always at the center of the disk 
and the center line on the slide is line wp of the diagram. Line ep falls along another 
track line and the wind vector ew joins the extremities of these two lines. 

Example 1.— 

Given.—WV 270°/35K, TH 165°, TAS 180K. 

Required.—(1) Track, (2) ground speed. 

Solution.—(1) Rotate the plotting disk until WD 270° is at the true index. 

(2) Move the slide until the circle in the center of the plotting disk is over the speed 
line for TAS 180K. Label the center of the plotting disk w. 

(3) Measure downward from w a distance equivalent on the speed scale to the wind 
speed, 35K, and make a small pencil mark on the plotting disk. Label this point e. 
The mark should be on the center line midway between the 144K and 146K speed 
circles. 
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Ficure 606a.—The E-10 computer. FicureE 606b.—Back of E-10 slide. 


WIND AND ITS EFFECTS 135 


(4) Rotate the plotting disk until TH 165° is at the true index (fig. 606c). Note 
that point e has now moved until it is over the track line to the left marked 10, and also 
that it is on the specd line 192K. This is the ground speed. The position of point 
e indicates that the predicted drift angle is 10° left. That is, the track will be 10° to 
the left of the heading. Looking at the scale, 10° to the deft from the true index, read 
TR 155°. 

Answers.—(1) GS 192K, (2) TR 155°. 

It is desirable to plot the vectors on the computer or compare the points on the 
computer with a wind triangle for the same problem drawn on paper as previously 
described, until the solution becomes firmly fixed in the memory. Remembering that 
on the E-10 the wind vector ew is reversed, the following axioms are always valid: 

1. Point w, the head of the wind arrow, is always at the center. 

2. The wind arrow flies into the wind. (On the Mark 6A plotting board, the 
wind arrow flies with the wind.) 

3. Point e, the tail of the wind arrow, is on the center line and toward the origin 
when WD is at the true index. 

4. Drift is always right if e is to the right of the center line, and is always left if 
e is left of the center line, after rotation of the disk. 

5. Point w indicates TAS and point e indicates GS. 

6. In the final solution, the True Index shows TH. TR is right (clockwise on the 
compass rose) or left (counterclockwise on the compass rose) from TH by the amount of 
drift. 

Example 2.— 

Given.—WV 270°/35K, TC 155°, TAS 180K. 

Required.—(1) TH, (2) GS. 

Solution —(1) Rotate the plotting disk until WD 270° is at the true index. 

(2) Move the slide until the circle in the center of the plotting disk is over the 
speed line for TAS 180K. Label the center of the plotting disk w. 

(3) Measure downward from w a distance equal to 35K to locate point e. 

(4) Set TC 155° at the true index. The position of point e indicates that drift is 
approximately 9° left. This is a first estimate of the drift. 

(5) Rotate the plotting disk 9° left and note that 10° drift is now indicated. 
Further rotate the plotting disk 1° left. so that TC (155°) is 10° left of the index. This 
is the second estimate of drift and is sufficiently accurate. 

(6) Read TH 165° at the true index (fig. 606c). 

(7) Read GS 192K at point e. 

Answers.—(1) TH 165°, (2) GS 192K. 

Example 3.— 

Given.—A flight of 525 miles is to be completed in 2°30". Wind 017°/34K, TC 
170°. 

Required —(1) GS, (2) TH, (3) TAS. 

Solution.—(1) Find the ground speed, 210K, by means of the computer on the back 
of the E-10, using the fact that the aircraft must cover 525 miles in 2°30", 

(2) Plot point w at the center of the circle and point e 34K downward from it 
with 017° set at the true index. 

(3) Set the required TC (170°) temporarily at the index. 

(4) Adjust the slide until the GS (210K) circle is under e. Drift is 4° right (first 
estimate) and 5° right (second estimate). 

(5) Read TH 165° at true index (fig. 606d). 


%,* 
uy 


WIND AND ITS EFFECTS 


136 


~~ 
pat 
| 

) 

| 
| 


MTT 
men vn ; 
cSSReaR es, Hii, ; if fila tit 
TNT Tn Bit 


Mi vi irae 


HE UOOEA PUEAN MADRA AtNAd HAAG THE 

ili TAH aa aman eh Hing tat ae 
iil =¢ 

3 HAP" RP ABE FHA ge" AA FARE aL Facet ee ae 


pte Hy B ~Mittibisalt.. 
a Hoe Meek tol T=} 


lott. | 1 - OO4C- bbaC itecs c Bis a 


1 EE: Te PE PS ET g Pd Re oR SH Seas ith: ars 
bath ts WATT set 


anit} : 


ena HANNA HUNET BONED ATMEL TU nat 
Hitt Te ee wit : 


yl ii! ated 
TTT aH om Naitritttiin tenis 
et Aen q Si a 


\ mith Av hy) Nt | al : \ ast 

TTA iii! i NN iii i ANN | mes Wuittee mat AN 
. i seth 4 AA i} * xt 

AN WACOM WK NY a in ANAS yy 


ATALTN 
AON he AAW MANN 


Ti Th HM I, “Mall fh gey iss 
it HT MA tn i fai ; Hite Mey 
Tit Hs i thi | | ‘ Ui iste. 
a fe HII ii 
i A a] H | 
IH Uitte HAN HU en 

UAC AG LANL A A win ith 


LMA W808 00H ODT VON LOBES nAHA a tet ae | Het 
aati ded at eadad ated ef Eat pres . sa 


eM Tiled A Slew Pie 188 
Deued gana ARNE MAaT tint 

f a ce niin > 

utter tw iM iil ti : He 

Ti Hol mit fil iN i 


" att , 
TN Any nA 1 
vihti Witt vali itt ) DD. 
‘in HN Ae att \\ ht} \\) : oe 


4 "i att 
WN 4) Wi Al AY Tah a . wn ll 


=) t 


ion for 
and true 


: met 
Wanernent teat venethl a - 


speed, true heading, 


+ marth 
x a a we 





ground 


Ficure 606d.—E-10 computer solut 
air 


for 


10n 


true heading and ground speed. 





Figure 606c.—E-10 computer solut 
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—(1) GS 210K, (2) TH 165°, (3) TAS 180K 


(6) Read TAS 180K at center 
Example 4.— 
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index and WS 25K as the length of the track line between 
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Answer.—WV 218°/25K 


make a mark on the 7° left track line at speed circle 166K. 


(fig. 606e). 
(3) Rotate the plotting disk until point e is on the center line below the center. 


(2) Since the difference between TH and TR is 7° left, and since ground speed is 


(1) Set TH 165° at the true index and TAS 180K at the center. 


Given.—TH 165°, TAS 180K, TR 158°, GS 166K. 


Required.—Wind velocity. 


Solution.— 
166K, 
Read WD 218° at the t 
e and w at 
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Wind direction and speed, drift, track and ground speed can also be found by 
plotting on the rectangular grid of the E-10 a series of bearings and ranges of a single 
object obtained by radar or racon (see art. 1215). 

Example 5.— 

Given.—An aircraft is flying on TH 042°, TAS 210K. The navigator obtains a 
series of radar ranges and relative bearings on a single radar target, recording the 
times of the beginning and ending of the series as 
follows: 
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Required.—(1) WV, (2) drift, (3) track, (4) 
GS. 

Solution.—(1) Move the E-10 slide until the 
circle at the center of the plotting disk is over 
the 0-line of the rectangular grid. 

(2) Rotate the plotting disk until the con- 
secutive bearings are at the true index, and plot 
the respective ranges downward on the rectangu- 
lar grid along the center line, using a suitable 
scale. In figure 606f, the scale is that shown by 
the numbers on the grid, and the setting is for Ss 
the last observation. el Se eee cezstiszsi= 

(3) Rotate the plotting disk until the line of ) ee 
range marks is parallel to the numbered center 
line and the northerly semicircle of the plotting 
disk is uppermost. The true index now indi- ba \ a y. 
cates the relative direction of the track. The drift S38: 
angle is equal to the number of degrees between Seen seeceseer pass: y 
N and the true index, and is right or left as the ; | 
true index is right or left of N. In figure 606g, Fyaure 606e.—E-10 computer solution 
drift is 12° right. for wind velocity 

(4) To find track, apply the drift angle 
(12°) to the heading (042°), adding for right drift and subtracting for left drift. Track 
is 054° (042°-+ 12°). 

(5) The length of the line of range marks is equal to the distance flown, at the scale 
used. Move the slide until the upper mark is over the zero grid line, and read the 
distance at the lower mark (39 miles). (See fig. 606g.) Since 39 miles was flown in 
125, GS is 188K. 

(6) Wind velocity is found as in example 4. Set TH (042°) at the true index, and 
the center of the plotting disk at TAS (210K). Make a mark at GS 188K and drift 
12° right. Rotate the plotting disk until the mark is on the center line be/ow the center 
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of the plotting disk. Read wind direction (346°) at the true index and wind speed 


(48K) on the speed circles. 


Answers.—(1) WV 346°/48K, (2) drift 12° right, (3) TR 054°, (4) GS 188K. 

If problems 604a through 605d at the end of the chapter can be solved by Mark 
6A plotting board, E-10 computer, and vector diagram, without difficulty, the student 
will have mastered an important part of the navigator’s routine. 

607. The B—5 driftmeter.—The predictions of track, heading, drift, etc., which are 
made before the aircraft takes off are only estimates and are identified in the navigator’s 
records by being called predicted ground speed (PGS), predicted drift angle (PDA), etc. 
After the aircraft is airborne, actual quantities can be measured by the navigator. 

If the ground beneath the aircraft can be seen, drift can be determined by a drift- 
meter, one type of which, the B-5, is illustrated in figure 607. The instrument consists 
principally of a periscope tube projecting through the side of the aircraft to permit a 
view of the ground beneath. No erecting lens is provided, so that objects appear in- 
verted, reversed, and moving in the direction of motion of the aircraft. A reticle is 
placed in the focal plane and appears as a series of ten parallel fore-and-aft lines called 


Ficure 606f.—E-10 plot of bearings 


and ranges. 
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Figure 606g.—Obtaining drift and ground 
speed by E-10 computer. 
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Figure 607.—The B-—5 driftmeter. 


drift lines and two athwartship speed lines superimposed upon the ground. The reticle 
may be rotated in its plane so that the drift lines turn with respect to the vertical axis. 
Also in the focal plane is a movable needle by means of which the apparent motion of 
a ground object can be followed. 

At the right of the eye lens is a circular indicator dial engraved with fifteen parallel 
lines which, by means of a mechanical linkage, are maintained parallel to the drift lines 
of the reticle. The indicator dial may be rotated by a knob on the inboard edge 
and is covered by a piece of frosted glass. Opposite to the knob is a pointer which 
moves along a concentric drift scale graduated in degrees, for 30° each side of a central 
zero. 

Projecting from the eye lens tube is a pencil arm to which a pencil can be secured. 
The arm is connected by a pantograph linkage to the needle in the focal plane. As the 
arm moves over the indicator dial, the needle moves over the field as seen through 
the eye lens. Thus, the needle can be made to follow the image of a ground object 
as it moves across the visual field, and at the same time a line is drawn on the frosted 
glass over the indicator dial. The tip of the needle is luminous so that it can be seen 
at night against a dark background. 

The instrument is placed in operating position by sliding it into a mounting 
secured to the aircraft structure with the outboard end of the periscope tube projecting 
through the side of the aircraft. A rubber gasket seals the opening around the tube. 
The driftmeter can be removed by lifting it clear of the detent pins on each side of the 
mounting. 

The B-5 driftmeter can be used (1) to determine observed drift (OD) and (2) to 
determine ground speed. 

691-651 °—63——10 
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(1) To determine drift. First method.—While looking through the eye lens, rotate 
the indicator dial until the drift lines of the reticle are parallel to the apparent motion 
of ground objects. The pointer on the indicator dial shows the amount of drift. If 
the aircraft is over water or terrain without prominent detail, drift can sometimes 
be determined by observing the general movement of the background. 

Second method.—In bumpy air or at low altitude, or both, it may be difficult to 
follow accurately the apparent motion of a surface object across the reticle. Remove 
the pencil arm from its retaining hook and secure a pencil in the tube. While looking 
through the eye lens, move the pencil so as to draw a line on the frosted glass plate and 
in such a manner that the needle in the focal plane follows the movement of a ground 
object across the field of view. Repeat this procedure several times endeavoring to 
distribute the lines on both sides of the center, to average out a slight error inherent 
in the instrument. Return the pencil holder to its retaining hook. After orienting 
the indicator dial so that its lines parallel the pencil lines as nearly as possible by visual 
estimation, read the drift from the scale. 

(2) To determine ground speed.—The aircraft must be kept at a constant speed 
in level flight at a known altitude. With the reticle set to show existing drift, use a 
stop watch to time the passage of a grourd object (preferably near the center) between 
the two timing lines on the reticle. On the ground speed computer, set the elapsed 
time in seconds on the inner scale against the absolute altitude on the outer scale. 
Read the groundspeed in knots or miles per hour on the outer scale opposite the appro- 
priate index line marked “‘mph”’ or “knots” on the inner scale. 

608. The gyro-stabilized driftmeter——The B-—5 driftmeter, while basically simple, 
does not provide means for allowing for bank of the aircraft or for observing objects 
outside a narrow cone directly beneath the aircraft. The gyro-stabilized driftmeter 
is more versatile. Figure 608a illustrates a late model of this type instrument. The 
objective lens extends through the bottom of the aircraft, and the line of sight may 
be tilted so that objects from 16° forward of the vertical to 87° aft can be observed. 
Additionally, the entire instrument can be rotated through 360° about a vertical axis, 
so that at most altitudes all points of the horizon can be seen. The driftmeter can 
therefore be used in taking relative bearings of ground objects in addition to its primary 
function of determing drift. An erecting device is provided so that objects appear 
in correct relationship. 

To compensate for small random motions of the aircraft about any axis, the reticle 
is stablized horizontally by a gyroscope. Thus, if the aircraft should pitch or roll a 
few degrees, the optical axis of the instrument remains vertical, and satisfactory obser- 
vations can be made in rough air since the field of view is held comparatively steady. 
Two eyepieces of different magnification are provided. For low altitude work the 
one-power eyepiece is usually satisfactory. For high altitude work, or for observing 
a distant object, a three-power eyepiece can be substituted. Shade glasses are also 
provided so that the intensity of a brilliant field can be reduced. The reticle is illumi- 
nated for night observation, and the intensity of the illumination can be varied by a 
rheostat. The reticle has a series of parallel drift lines, similar to those of the B-5 
driftmeter, and a single timing line across the center of the field of view and perpen- 
dicular to the drift lines. 

Drift is measured by rotating the drift lines until they appear to parallel the 
apparent motion of objects below the aircraft, as with the B-5 driftmeter. At high 
speeds and low altitudes, ground objects appear to move so rapidly across the reticle 
that accurate adjustment is difficult. In this case a prominent object can be picked 
up directly beneath the aircraft and held on a drift line, by rotating the line of sight, 
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Ficure 608a.—The gyro-stabilized driftmeter. 


until it has gone a considerable distance aft, at which time the drift angle can be read. 
Ground speed is determined by timing the apparent motion of an object from a position 
directly below the aircraft to one at a fixed trail angle behind the aircraft, or between 
two trail angles. 

The angle of observation is determined by the angle of the objective prism, which 
is accurately controlled by the trail sight control. This knob carries a scale calibrated 
in degrees, so that the angle forward or aft of the vertical can be measured. Small 
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detents are provided at 0°, 50°, and 70°9. Suppose the aircraft is in level flight, 
and that the trail sight control is set at the detent at 0°. The line of sight through 
the timing line on the reticle is now vertical. A ground object is selected near the 
forward edge of the screen and observed as it approaches the timing line. As the 
object continues to draw aft, the trail sight control is rotated, keeping the timing line 
slightly aft of the object until the next detent at 50° is reached. As soon as the object 
crosses the timing line at this position, a stopwatch is started and rotation of the trail 
sight control is continued until the 70°9 detent isreached. The watch is stopped when 
the object crosses the timing line in its new position. The absolute altitude (altitude 
above the ground) is then determined. The absolute altitude in feet, divided by the 
time in seconds, equals the ground speed. Thus, if the altitude is 6,000 feet, and the 
6,000 
40 
or other conditions, the object selected is obscured part of the time, and hence the exact 
times of crossing the timing line is lost. If the central timing line is held on the object, 
time during any portion of the object’s transit of the field of view can be known, and 
the ground speed determined by making the division as described and multiplying the 
answer by a factor from table 608. For example, if time is started at the 50° detent, 
and the object is obscured when the trail angle is 65°, the ground speed is determined 
by dividing the altitude by the elapsed time and multiplying the result by a factor of 
0.564. 





time is 40 seconds, the ground speed is =150K. Sometimes, because of clouds 


TaBLE 608.—Factors for ground speed by timing 





Ground speed in knots Absolute altitude (feet) 


Factor ~ Time (seconds) 
Finish Senet 
*0° 10° 20° 30° 40° *50° 
aoe eee be Se O02 Vie Bote Ae eo ele oe AL Se ee tr a ee 
TOP eek oe Os he ia saa sara festa ea ed ce ails me Shel 8 oe ae Pe Lae enc 
| 5 cgi Oe Oe nee 0. 159 O7054. ehh oe let he ee ee ee eal seek 
20F ce eere ee see et 0. 216 OSE Wi tat ee he at alec eer tla Sek eal oa Sls oe tod el 
De a be nk ot et 0. 276 0. 172 OS: Wp sc Mh nc tc Date BINNS reac ha 
BO eee eee as eet s 0. 342 0. 238 Oe ADO es Ba toda ct Wins eS cg he Me Se Bc 
BO oe eter ne ee ed 8 0. 415 0. 310 0. 199 OOS: We set ertarin BVEr gS le 
C1 (hee ea es en 0. 497 Q. 392 0. 281 O. 150° Wleesec ee seein eee 
oe Ae ee 0. 592 0. 488 0. 377 0. 250 0.095 |_____--- 
PO as Saws eeoatat 0. 706 0. 601 0. 490 0. 364 0.209 |_____.-- 
L515 eR Pe eR REED SEED ro 0. 846 0. 741 0. 630 0. 504 0. 349 0. 140 
OOF ah od 2 ce eh Oe eth 22. 1. 026 0. 922 0. 810 0. 684 0. 529 0. 320 
G5? ee Boga lead: 1. 270 1. 165 1. 054 | 0. 928 0. 773 0. 564 
POD oi se cence d, ce 1. 706 1. 602 1. 1. 364 1. 209 1. 000 


*Some driftmeters have detents at these angles. 


In over-water flights, fixed objects are usually lacking. Aircraft engaged in long, 
over-water flights are usually equipped with smoke bombs and float lights which ignite 
upon contact with the water. These objects can sometimes be utilized to obtain 
drift. However, at altitudes in excess of 6,000 feet it is difficult to observe them. 
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In using float lights or smoke bombs, remember that their initial momentum and the 
wind continue to act during descent, so that they strike the water at some distance 
from the position directly below the release point. The angular distance to one side 
or the other depends upon the rate of fall, the mean velocity of the wind, and the flight 
altitude and velocity of the aircraft. The observed drift therefore is not the true 
drift. This point is illustrated in figure 608b. Because of this cross trail error, 
observed drift is always too small. 
The error can be minimized by 
reading drift angle at the last 
possible instant before the object 
disappears from view. 

609. Methods of determining 
wind velocity.—For navigational 
purposes, wind information may 
refer to (1) mean wind (average 
wind), (2) spot wind, or (3) fore- 
cast wind. 

610. Mean wind is the average 
wind velocity which has been act- nee 
ing on an aircraft over a period of wpact OF 
time. It is usually found by one 
of three methods, (a) from track 
and ground speed between fixes, 
(6) from the distance and direc- AIRCRAFT AT 
tion of a fix from a no-wind posi- roar i 
tion, (c) by vector sum. 

611. Wind by track and ground 
speed between fixes.—Method (a) 
using track and ground speed be- 
tween fixes cannot be conveniently used if heading or air speed is changed between 
fixes. If both heading and air speed are constant between the fixes, mean wind 
can be found by vector solution as illustrated in example 4 of articles 605 and 606. 

612. Wind by fix and NW position.—If either heading or air speed is changed, 
mean wind is most conveniently found by the air plot method (6). The NW position 
at the time of the second fix is plotted. The direction the mean wind blows isthe 
direction of the fix from the NW position. The speed of the mean wind is the distance 
between the NW position and the fix, divided by the time from the last previous fix. 
In figure 612a, the aircraft would be at 1045 NW under no-wind conditions. How- 
ever, because of wind, it is at the 1045 fix. The direction of the mean or average wind 


—— FLOAT LIGNT 





FicureE 608b.—Cross trail error. 





Ficure 612a.—if TH and TAS are constant, mean wind can be found by TR and GS between fixes 
or by air plot. 
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vector is from 1045 NW to 1045 fix, or 217°. Hence, the wind is from 217°—180°= 
037°. The length of the vector is 18 miles. Since 45" or 0°75 has elapsed since the 


previous fix, the speed of the mean wind is 5 ET UK. In this case, since heading 


and air speed are constant, either a vector solution by TR and GS, or the air plot 
method is available. In figure 612b, mean wind can be found most conveniently by 
the air plot method. See also article 709. 

613. Wind by vector sum.—Mean 
wind is the average of a number of indi- 
vidual winds, or the vector sum of their 
components. If the individual winds 
are known, the mean wind can be found 
easily by vector addition. This problem 
frequently arises during a climb, since 
wind direction and speed usually change 
with altitude. The mean wind in climb 





Ficure 612b.—If either TH or TAS is changed 


: : ; between fixes, mean wind is most conveniently 
is needed by the navigator when a high- found by air plot. 


altitude flight is to be made, so that a 
reliable DR position can be determined for the level-off position. 


VECTOR SUM 270/790 
MEAN WIND 270°/ 18K 








Ficure 613.— Addition of vectors to find mean wind. 


As shown in figure 613 using the Mark 6A plotting board procedures, velocity 
vectors for winds at various altitudes are plotted. Periods of time spent at each altitude 
are assumed to be equal. The direction of the line joining the tail of the last vector 
with the head of the first is the direction of the mean wind. Its speed is equal to the 
length of the connecting line divided by the number of components. 

614. Spot wind is the wind existing at a particular time and place. It may be 
found by any of three methods: (a) observation, (6) wind star method, (c) turn method, 
sometimes referred to as the “wind around the corner”? method. 

615. Wind by observation.—It is difficult to form a proper estimate of wind 
conditions by simple visual observations. Any indication presented by a ground 
condition will be of surface wind only which, except for very low altitudes, is almost 
certain to be different from the wind at flight altitude. However, surface indications 
are of value during let-down, and vital in the event of forced landing. They also may 
give some idea, however general, of the wind at flight altitude. The direction of 
surface winds is reasonably easy to observe by the action of smoke, dust, etc., on the 
ground. Wind speed is much more difficult to determine even approximately, but the 
following criteria are helpful: 

Over land.—The accompanying table 615 gives the physical effects of wind at 
various speeds. 
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vector is from 1045 NW to 1045 fix, or 217°. Hence, the wind is from 217°—180°= 


037°. The length of the vector is 18 miles. Since 45" or 0°75 has elapsed since the 
previous fix, the speed of the mean wind is ae 24K. In this case, since heading 
and air speed are constant, either a vector solution by TR and GS, or the air plot 
method is available. In figure 612b, mean wind can be found most conveniently by 
the air plot method. See also article 709. 

613. Wind by vector sum.— Mean 
wind is the average of a number of indi- 
vidual winds, or the vector sum of their 
components. If the individual winds 
are known, the mean wind can be found 
easily by vector addition. This problem 
frequently arises during a climb, since 
wind direction and speed usually change 
with altitude. The mean wind in climb 





FictreE 612b.—If either TH or TAS is changed 
: : : between fixes, mean wind is most conveniently 
is needed by the navigator when a high- found by air plot. 


altitude flight is to be made, so that a 
reliable DR position can be determined for the level-off position. 


VECTOR SUM 270/90 
MEAN WIND 270°/ 18K 





Fiacure 613.—Addition of vectors to find mean wind. 


As shown in figure 613 using the Mark 6A plotting board procedures, velocity 
vectors for winds at various altitudes are plotted. Periods of time spent at each altitude 
are assumed to be equal. The direction of the line joining the tail of the last vector 
with the head of the first is the direction of the mean wind. Its speed is equal to the 
length of the connecting line divided by the number of components. 

614. Spot wind is the wind existing at a particular time and place. It may be 
found by any of three methods: (a) observation, (6) wind star method, (c) turn method, 
sometimes referred to as the “wind around the corner’? method. 

615. Wind by observation.—It is difficult to form a proper estimate of wind 
conditions by simple visual observations. Any indication presented by a ground 
condition will be of surface wind only which, except for very low altitudes, is almost 
certain to be different from the wind at flight altitude. However, surface indications 
are of value during let-down, and vital in the event of forced landing. They also may 
give some idea, however general, of the wind at flight altitude. The direction of 
surface winds is reasonably easy to observe by the action of smoke, dust, etc., on the 
ground. Wind speed is much more difficult to determine even approximately, but the 
following criteria are helpful: 

Over land.—The accompanying table 615 gives the physical effects of wind at 
various speeds. 
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Over water —Table 615 also gives the characteristics of water under various wind 
conditions. It should be remembered that ocean waves reflect the direction of past 
or distant winds, as well as local winds. Long ocean swells are not a reliable guide 
to present surface wind. The smaller waves and ripples overlying the swells, and 
frequently at quite an angle to them, are a better indication. Whitecaps usually 
begin to form with winds 12 to 15 knots and, as seen from the air, may show themselves 
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Figure 615.—Appearance of the sea surface under various wind speeds. Altitude 400 to 600 feet. 


as short foamy pointers which point to the direction from which the wind is blowing. 
Pronounced wind streaks begin to appear between 20 and 35 knots. The tops of 
breaking waves blow off as spray at 40 or 50 knots. (See fig. 615.) 

If scattered or broken clouds without high overcast exist, it is frequently possible 
to estimate on the ground the direction of the wind at cloud level by noting the direc- 
tion of motion of the cloud shadows. Again, it is much easier to estimate direction 
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than speed, but under such conditions it is usually also possible, after reaching cloud 
level, to read drift from which wind speed can be found. 

If drift is observed at the same time as wind direction, wind speed can be found 
by Mark 6A board or E-10 computer. Wind direction observed from an aircraft 
is usually expressed as a relative direction and converted to a true direction by adding 
the true heading of the aircraft. 

Erample.— 

Given.—TH 312°, TAS 145K, DA 8° R, observed surface wind direction, from 
315° relative. 

Required.—Wind_ velocity. 

Mark 6A plotting board solution —(1) Plot point p from TH and TAS. 

(2) Since drift is 8° right, rotate grid disk 8° right, from TH setting to 320°. 

(3) From p, plot the track line back to the vicinity of the grommet. Only the 
portion of this line near the grommet is necessary. Point e will lie somewhere on 
this line. 

(4) The true direction of the wind is 267° (TH 312°+315°—360°). Rotate the 
disk to 267° and locate point e at the intersection of the pencil line (step 3) and the 
index line. 

Answer.—WV 267°/25K. 

E-10 solution.—(1) Set plotting disk to TH 312° and slide to TAS 145K. 

(2) Draw a line in the vicinity of the center along the track line 8° right. 

(3) Rotate plotting disk to true direction of wind (267°). 

(4) Read WV 267°/25K at the intersection of the pencil line and the center line. 

Answer.—WV 267°/25K. 

616. Wind star method.—This is a variation of the wind by observation method. 
Drift is observed on several headings differing by a large number of degrees and the 
intersection of the corresponding track lines is point e. 

Example.— 

Given.—An aircraft is flying at TAS 135K. On TH 062° observed drift (OD) is 
6° L, on TH 350° OD is 10° L, and on TH 298° OD is 4° L. 

Required.—Wind velocity. 

Mark 6A plotting board solution.—(1) Plot p, for TH 062°, TAS 135K. 

(2) Since drift on this heading is 6° L, rotate the grid disk to 056° and plot a 
short line near the grommet parallel to the track through p,. 

(3) Locate p, at TH 350°, TAS 135K and draw a track line intersecting the first 
with the disk set at 340° (drift is 10° L). The intersection is point e, which deter- 
mines the wind. 

(4) For confirmation, locate p at TH 298° TAS 135K, and draw the track line 
294° (OD 4° L). 

(5) Wind is from the intersection of the three lines, point e, and WV is 090°/25K. 
If the lines do not intersect at a point, use the point within the triangle equidistant 
from the three sides: 

Answer.— WV 090°/25K. 

E-10 solution.—(1) Set slide at TAS 135K. 

(2) With plotting disk set to TH 062°, draw a track line near center with drift 
6° L. 

(3) Set plotting disk at TH 350° and draw track line 10° L. 

(4) For confirmation, set plotting disk at TH 298°, and draw track line 4° L. 

(5) Set intersection on center line and read WV 090°/25K. 

Answer.—WV 090°/25K. 
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617. Standard 60°-120° wind star.—Accurate wind determination with a mini- 
mum of delay enroute can be obtained by taking one drift reading on the existing TH, 
a second reading after a 60° change of heading, and a third reading after a change of 
heading 120° in the opposite direction. After the observations are completed, the 
aircraft should be approximately back on its original track. Refer to figure 617. 

. An aircraft departs from point A enroute 
0860 vi nw nw dai to point B. No wind ates is avail- 
\ able, and the navigator elects to fly a no- 

a8 wind heading; that is, he makes TH equal 
on TC (090°). After reaching flight altitude 
he observes the drift, alters heading 60° 
to the right and holds it for perhaps 4 

7D ee ETA 


0809 \4/ rr 90 pps osa7s Minutes while a second drift observation 
\/ TAS 135 er ae is made, alters heading 120° to the left and 
5-5 134 holds for another 4 minutes while a third 


0830 drift observation is made, and then returns 

Figure 617.—Use of the standard 60°-120° to his original heading. He saa has 3 drift 
wind star saves unnecessary plotting. readings on known headings which he plots 

to find WV 340°/25K. Allowing time to 

plot the wind problem and find TC to destination, the navigator plans to alter heading 
at 0830 to allow for the now known wind. He plots the 0830 NW, lavs off the wind 
for 307 and obtains an 0830 DR position. from which he finds the TC to destination 
to be 072°, and knowing wind he can now compute TH, GS, and ETA at destination. 

If the standard 60°-120° wind star is used with the same time on each leg, the heading: 
changes during the wind determination need not be plotted. As shown in the upper 
part of figure 617, the off-course heading lines form an equilateral triangle of 4" on a 
side. Hence, the on-course side is also 4”. 

It is therefore unnecessary to plot the wind star headings, and the plot is drawn 
as shown in the lower part of the figure. The symbol \*is used to indicate that a wind 
star with 4™ legs was flown. To plot the NW position after a standard 60°-120° 
wind star, simply drop out the number of minutes on one of the legs. In the example 
the 0830 NW position is plotted as though it were the 0826 NW position. It is labeled 
0830 NW, and is the same position that would have been obtained by the more elaborate 
plot. The 0830 DR and new TC are found as before, using wind for 30. 

618. Wind on turn method.—This method is more accurately described as wind 
by drift before and after a turn. It is essentially a wind star taken on two headings. 
Drift should be read as a matter of routine before and after each turn of about 30° or 
more, since wind can thus be checked without delaying to fly a wind star. 

Example 1.— 

Given.—An aircraft on TH 228°, TAS 150K, is to alter heading at 1530 to TH 309°. 
At 1528, the navigator observes drift to be 5° R. At 1535, after the turn, drift is 6° L. 

Required.—Wind velocity. 

Answer.— WV 085°/24K. 

In finding wind on a turn, the problem arises of establishing a DR position after 
the turn, using the new wind. If a turn is about to be made, it is customary before 
the turn is started to give the pilot a new heading to steer. This predicted heading 
is based upon the old wind. If the wind determined on the turn is the same, the pre- 
dicted heading is maintained. However, if the “wind around the corner’ indicates 
a shift has occurred, the heading the pilot is flying will not make good the desired 
track. In this case a DR position is established a few minutes ahead and a new head- 
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ing computed from the DR to destination. If a fix can be obtained shortly before or 
after the turn, the DR can be run up from it, being careful to use the new wind and 
headings flown. The DR position will not lie on the original course line if the wind 
has shifted. If a fix is not obtainable, it may be necessary to recompute the turn. 

Example 2.— 

Given.—An aircraft is on course 056°, TH 051°, TAS 125K, WV 310°/18K, 
heading for a known landmark, where a turn to TC 310° will be made. Using old 
wind, the navigator notifies the pilot to turn to TH 
310°. Before the turn, observed drift is 1° R and after 
the turn it 13 19° R. The turn is made at 1618. 

Required—The 1627 DR position, new TC, and 
new TH. 

Solution (fig. 618)—(1) The wind by wind star is 
240°/40K, indicating that a wind shift has occurred and 
that the heading the pilot is holding is not good. 

(2) Plot the 1627 DR from the fix using the 
new wind. 

(3) Plot the new TC to destination (303°) and com- 
pute new heading 286° from the 1627 DR position. 

(4) At 1627 AH to 286°. 

Answer.—1627 DR position as shown in figure 618, 
new TC 303°, new TH 286°. 

619. Wind by forecast.—-Wind is of such importance to all aviators that an elabo- 
rate system has been established to observe, study, and report weather conditions. 
The weather services of most countries exchange information and broadcast weather 
reports of simultaneous conditions over a wide area. These synoptic reports are 
analyzed and the information is published in the form of weather maps. Weather 
maps which are prepared locally or received by facsimile teletype are on display at 
most large airports. There are still numerous gaps in the weather reporting system, 
particularly over ocean and unpopulated areas, and also where broadcast of weather 
data is prohibited for security reasons. 

In the United States the weather service is highly developed. The larger com- 
mercial airports and most of the military fields are connected by teletype circuits which 
report local weather conditions at several hundred observation stations throughout 
the country. Reports are also available in this country from foreign systems, from 
ships and aircraft operating in ocean areas, and from ocean station vessels which remain 
near prescribed positions in the Atlantic and Pacific. Weather reports are sent out 
by radio every half hour by the Federal Aviation Agency. These reports contain latest 
information including wind, cloud form and height, visibility, temperature, atmospheric 
pressure, and, if necessary, airport conditions and forecasts. At the large military 
and civil airports, most of which have their own teletype circuits, aerologists are 
available to forecast weather conditions to be expected during flight along almost any 
route. 

Forecast winds are used by navigators to predict, before take-off, the headings 
required in order to make good the desired tracks. Forecasts also make possible the 
planning of routes so as to avoid head winds and unfavorable weather, and to select 
the routes and altitudes which can be flown most economically. 

After take-off, forecast winds are received by radio. In-flight planning and head- 
ing changes made desirable by these reports are part of a navigator’s duties. It 
should be remembered, however, that receipt of frequent and complete wind reports 





FIGURE 618.— Wind around a 
turn over a fix. 
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does not relieve a navigator of his duty to check drift and ground speed as often as 
practicable. Forecast winds are predictions only, and may be different from condi- 
tions existing in the vicinity and at the altitude of the aircraft in flight. 

620. Standing waves.—When an air current passes over & mountain range, it is 
deflected upward on the windward side and downward on the leeward side. Such 
up-drafts which sometimes rise to great heights are used by glider pilots to gain alti- 
tude. On the leeward side, vertical speeds in the down-drafts not infrequently 
reach more than 1,000 feet per minute, and speeds in excess of 2,000 feet per minute 
have been reported. 

As the ascending air on the windward side approaches the summit of the moun- 
tains, it is compressed by the mass of air above. After passing the summit, it expands 
and is warmed adiabatically as it descends, so that pressure in the down-draft is reduced. 
Under such conditions, true altitude may be less than indicated altitude. This alti- 
tude error has been reported to vary from several hundred feet in the lee of a small 
hill to several thousand feet behind a 10,000- to 12,000-foot-mountain range. 

Under certain conditions the momentum of the descending air, assisted by its 
decreased density, deflects it upward again to form a standing wave (lee wave) at a 
distance of 2 to 5 miles from the summit of the mountain Sometimes a series of such 
standing waves occur on the leeward side of the mountain (fig. 620). 
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FiaurE 620.—Standing waves. 


Pilots approaching the leeward side of a high mountain range should fly at alti- 
tudes which allow ample clearance above the charted elevations. Down-drafts may 
be encountered whose vertical speeds exceed the maximum rate of climb of the 
aircraft, and indicated altitude near the mountain may be in error by several hundred 
feet. The numerous wrecked aircraft near the tops of mountain ridges are mute evi- 
dence of failure to heed this warning. 


Problems 
604a. Given.—Wind, true heading, and true air speed, as follows: 
Wind TH TAS 
(1) 221°/32K 345° 130K 
(2) 330°/24K 220° 120K 
(3) 001°/18K 330° 125K 
(4) 302°/16K 050° 134K 


(5) 260°/22K 190° 136K 
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Required.—Find track, ground speed, and predicted drift angle by vector triangle. 


Answers.— 
TR GS PDA 
(1) 355° 150K 10°R 
(2) 210° 130K 10°L 
(3) 325° 110K 5°L 
(4) 056° 140K 6°R 
(5) 181° 130K 9°L 
604b. Given.—Wind, true course, and true air speed, as follows: 
Wind TC TAS 
(1) 170°/21K 250° 110K 
(2) 230°/23K 145° 124K 
(3) 290°/28K 175° 128K 
(4) 265°/27K 023° 116K 
(5) 340°/33K 056° 140K 


Required.—F ind true heading, predicted ground speed, and predicted drift angle 


by vector triangle. 


Answers.— 
TH PGS PDA 
(1) 239° 104K 11°R 
(2) 156° 120K 11°L 
(3) 186° 137K 11°L 
(4) 011° 125K 12°R 
(5) 043° 128K 13°R 
605a. Given. —Wind, true heading, and true air speed, as follows: 
Wind TH TAS 
(1) 358°/30K 234° 150K 
(2) 112°/23K 161° 135K 
(3) 293°/10K 160° 122K 


Required.—Find track, ground speed, and drift angle by Mark 6A plotting board. 


Check answers with E-10 computer. 


Answers .— 
TR GS DA 
(1) 226° 168K 8°L 
(2) 169° 122K 8°R 
(3) 157° 129K 3°L 
605b. Given.—Wind, true air speed, and true course, as follows: 
Wind TAS TC 
(1) 247°/18K 140K 282° 
(2) 065°/26K 125K 243° 
(3) 008°/28K 160K 040° 


Required.—Find true heading, predicted ground speed, and predicted drift angle 


by E-10 computer. 


Answers.— 
TH 
(1) 278° 
(2) 242°5 


(3) 035° 


PGS 
126K 
151K 
135K 


Check answers with Mark 6A plotting board. 


PDA 
4°R 
0°5R 
5°R 
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605c. Given.— Wind, true course, and ground speed, as follows: 


Wind 


085°/15K 
120°/18K 
310°/23K 
245°/27K 
063°/34K 


TC 
120° 
194° 
226° 
018° 
348° 


Required.—¥ ind true heading and true air speed. 


Answers .— 


605d. Given.—True heading, true air speed, track, and ground speed, as follows: 


Required.—Find wind velocity by Mark 6A plotting board or E-10 computer. 


Answers .— 


613. Given. Wind has been blowing at the velocities and for the times shown. 


(1) 
(2) 
(3) 
(4) 
(5) 


TH TAS 
(1) 116° 118.5K 
(2) 187° 137K 
(3) 235° 144K 
(4) 010° 140K 
(5) 000° 154K 
TH TAS TR 
060° 115K 067° 
240° 125K 229° 
315° 131K 324° 
110° 127K 122° 
086° 123K 075° 


(1) WV 282°/24K 
(2) WV 298°/25K 
(3) WV 244°/21K 
(4) WV 060°/30K 
(5) WV 212°/34K 


WV 
226°/16K 
240°/18K 
258°/20K 
280°/25K 
317°/28K 


Required.—Mean wind velocity. 


Answer.—268°/19K. 
617. Given.—A wind star is flown at TAS 135K, with the following results: 


Required.—Wind velocity. 
Answer.—WYV 291°/46K. 


TH 
135° 
075° 


195° 


Time acting 


25™ 
o0™ 
30” 
40™ 
30™ 


DA 
6°L 
9°R 

18°L 


GS 
106K 
131K 
140K 
157K 
142K 


GS 
134K 
114K 
126K 
110K 
146K 


CHAPTER VII 
DEAD-RECKONING PROCEDURE 


701. Flight planning.—One of the principal reasons for a good flight plan is that 
time in the air is at a premium. Decisions must be made quickly and accurately. 
Costly errors can be greatly reduced by thorough preflight preparation. During 
flight, a navigator is under almost constant tension, especially in combat, and is con- 
tinually inconvenienced by noise, vibrations, and bulky equipment. Consequently, 
as much planning and precomputation as possible is done before take-off. 

After the destination or area of the flight is established, the first step is to talk 
with the aerologist. From him, the navigator finds what wind directions and speeds 
are forecast for each thousand feet up to and above the proposed level of flight. It is 
important to include additional altitudes in case of last-minute changes. 

Also from the aerologist, a navigator obtains all the available information on the 
weather to be expected en route. Will there be clouds? If so, what kind? How 
high? How thick is the layer and is there more than one layer? Is precipitation to be 
expected? What kind? Where? Will there be thunderstorms or icing conditions 
in the area, etc.? By conferring with the aerologist, a navigator can be prepared for 
wind shifts, overcasts, undercasts, other weather, and conditions that might affect his 
navigation. 

From the pilot or operations officer the navigator finds out as much as possible 
about the flight itself. What kind of a flight is it to be—transport, air-sea rescue, 
antisubmarine, patrol, search, bombing mission, weather observation, experimental? 
Navigators of commercial air carriers flying regularly scheduled routes find this infor- 
mation in the company’s operation manuals, which contain vast amounts of other 
essential information. Even he must, however, be sure that he knows about recent 
changes in navigational aids, airport facilities, runway conditions, minimum en route 
altitudes, holding procedures, etc. Most naval aircraft are assigned to squadrons 
which have specific duties to perform and whose flights are well standardized. How- 
ever, occasionally the flight will be an exception, and a good navigator knows what 
may be expected of him. From the pilot or operation’s officer a military navigator 
also receives any special orders pertaining to the flight, such as the approximate time of 
take-off, the estimated duration of the flight; the possibility of encountering enemy 
fighters, enemy ships, antiaircraft fire, danger areas; the altitude and air speed that will 
be used, etc. All this helps a navigator make his preparations more intelligently. 

After the navigator knows the winds, weather, tvpe of flight, and special orders, 
he proceeds to make his flight plan. He must next assemble the navigational equip- 
ment necessary for the flight, including charts of the area to be covered, plotting equip- 
ment, publications, tables for celestial computations, and instruments. It is well to 
have a check-off list to be certain that no items are overlooked. 

702. Charts.—If the flight is to be over land, the navigator needs charts suitable 
for visual navigation. If the flight will cover a long distance, he may want to plan the 
route on a gnomonic or Lambert chart and transfer positions to a Mercator chart or 
plotting sheet. Loran or other special charts may also be required. 
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703. Plotting equipment.—The navigator will need as a minimum the following 
equipment: 

. Several well-sharpened pencils and a good eraser. 
. A pair of dividers. 

. Plotter. 

. Mark 6A plotting board or E-10 computer. 

. Pencil sharpener or knife. 

. Flashlight. 

704. Publications.— Numerous publications exist for the assistance of the navi- 
gator and pilot. (See appendix A.) Some of these are Radio Facility Charts, Air- 
man’s Guide, Flight Information Manual, Light Lists, Flight Information Publications, 
Note to Airmen, Loran Tables, etc. These publications give information as to air- 
dromes, radio frequencies and call signs, maintenance facilities, anchorages, lights, 
routes, approaches, and other facts pertinent to the flight. If celestial navigation will 
be performed, an almanac, sight-reduction tables, and work forms are required. 

705. Instruments.—For celestial navigation, a sextant is essential. Also, an 
accurately set master navigational watch in its case should be included to record the 
exact time. A wrist watch is not accurate enough for this type of work. Most large 
aircraft are already equipped with a driftmeter, altimeter, thermometer, air-specd 
indicator, flux gate compass, astrocompass, and other navigational instruments in the 
navigator’s compartment. If not, the navigator’s plans must allow for the deficiency. 
He must also know the errors in the various instruments. 

706. Route planning.—After assembling his navigational equipment, the navigator 
is ready to begin the actual chart and log work. Elementary route planning includes 
the following steps: 

1. Prepare chart for use, and orient it for proper latitude. 

2. Plot positions and courses. Note aids to navigation, terrain elevations, possible 
alternate airports for emergency use, etc. 

3. Measure courses and distances. 

4. On Mark 6A plotting board or E-10 computer, using standard air speeds for 
the aircraft and winds forecast by the acrologist, solve for truce heading and ground speed. 

5. Convert true headings to magnetic headings by means of the variation from the 
chart. 

6. On the E-10 computer, using ground speed and distance, compute the minutes 
on leg. If steering will be done by standby compass, convert magnetic headings to 
compass headings. 

7. Using an estimated time of departure, figure the ETA for each leg. 

8. Record all information in the flight log. 

707. The DR plot.—Dead reckoning is the basic method of navigation. Any 
information received or deduced visually, by radio, or from loran or celestial fixes, 
assists dead reckoning but has only momentary validity. If a navigator on cross- 
country flight observes that the aircraft is over an identifiable point, as a city, he can be 
reasonably sure of his location at that instant. If, in addition, he knows the direction 
of his travel, and his ground speed, he can plot the track from the known point, in the 
known direction and at the known speed, beginning at the known time. If the aircraft 
is flying between an undercast and an overcast and no celestial or electronic aids are 
available, the navigator should plot his DR positions in such a manner that they form 
bases for subsequent course changes. Not only should a DR plot be accurate and 
complete, but it should also be intelligible to all concerned, by the use of conven- 
tional symbols, as described in chapter V. Elapsed time, direction, and distance 


O or km & DD = 
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(speed X time) are the most important elements in dead-reckoning plotting because, 
knowing these and his starting point, a navigator can plot his approximate position. 

The DR plot usually does not coincide with the track because of unexpected heading 
changes and wind shifts. The DR plot may more accurately be described as a series 
of lines connecting probable positions. Thus, if an aircraft leaves the traffic pattern 
on a heading of 220° at 0800 and at a GS of 200K, and at 0830 course is changed, 
the 0830 DR position is located by measuring off 100 miles along the course line, and 
the new course is drawn from this point. Simuarly, other DR positions are plotted by 
keeping account of time, direction, and distance. When a fix is obtained, a new DR 
plot is started from the fix. 

After a fix has been obtained, the necessity for a change of course frequently 
becomes apparent; but usually, while the fix is being plotted and evaluated, the aircraft 
continues at its previous TH and TAS. It therefore becomes necessary to project 
the old track from the fix far enough ahead so that the navigator will have time to work 
out the new course and heading before the change is to be made. Suppose that a 
fix is obtained at 0900 and that, by the time the fix is plotted and studied, it is 0905. 
If the fix indicates that a change of course is advisable, a new DR position for some 
future time, as 0910, is plotted along the old track projected from the 0900 fix. At 
0910 the heading is changed as planned. 

708. Positions.—There are several types of positions which appear on a DR plot, as 
introduced in chapter V. The important difference between these positions is their 
relative probable accuracy. A fix was defined as an accurate position determined with- 
out reference to any former position. A fix is considered as a new starting point for a 
DR plot. Even though a position is described as a fix, it should not always be con- 
sidered as exact. If the fix is obtained by observation as the aircraft passes over a 
known point, it is quite reliable. Other fixes, those obtained by radio direction finder, 
for example, are less accurate but may be considered to indicate that the aircraft is 
near the indicated position. 

Another type of position appearing on the DR plot is the estimated position (EP) 
which is obtained when the navigator has reliable but incomplete information, as a 
single line of position, or when he has sufficient information for a fix, but it is of 
questionable accuracy. If the navigator is reasonably sure that an EP is approximately 
correct, he may start a new DR plot from it. He should remember, however, that doing 
so transfers any inaccuracy to subsequent DR positions, and consequently they are not 
to be relied upon as much as though the DR plot originated at a reliable fix. 

Next in order of accuracy is a DR position, which is obtained only from the naviga- 
tor’s knowledge of time intervals, direction, and speed, both of the aircraft and of the 
wind. The first of these elements can easily be found, but neither direction nor speed 
is known accurately for any appreciable period. There is always the possibility of a 
change in wind, which affects track or ground speed, or both. However, despite 
these uncertainties, a DR position is frequently the only positional information avail- 
able to a navigator. He therefore reads drift whenever possible and is careful to have 
accurate calibrations of his compass and air-speed indicator. 

Lacking any more reliable information as to position, a navigator can at least 
plot a no-wind position. The lines connecting a series of no-wind positions are called an 
air plot, since they indicate motion relative to the air. The air plot and the method of 
linking it to a DR plot are explained in article 709. The difference between the two 
plots is essentially that the DR plot shows travel over the ground while the air plot 
shows motion with respect to the air. In contrast with an air plot, a dead-reckoning 
plot is sometimes called a ground plot. Under no-wind conditions the air plot and the 
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DR plot coincide. Hence, the air plot is considered to be a part of dead-reckoning 
procedure. 

709. Air plot— A NW position is the geographical position of an aircraft if the 
entire flight is made in motionless air. It is plotted on the TH line at a distance from 
a fix determined by TAS and time. An air plot is a consecutive series of true heading 
lines and no-wind positions, in which no account is taken of wind. 

An air plot is needed so frequently that many navigators habitually make both a 
DR plot and an air plot on the same chart. An air plot is often used in the following 
situations, among others: 

(a) When wind is unknown. 

(6) When a navigator is confronted with a series of heading or air speed changes 
initiated by someone else. If the pilot or squadron leader initiates heading changes 
to avoid bad weather or for military tactical reasons, the navigator does not have time 

to compute TR and GS for 


Pt. Able each heading. 
TD 0800 (c) When a pilot is doing 
a his own navigating. 
eke 3 (d) When numcrous head- 
ONO ing or speed changes are antici- 
95.0810 NW pated. 
TAS} AM 110 (e) When the movement of 
ae 2585 & 0827 NW an aircraft is under the control 
0835 NWO%qS 39 of a ground- or ship- based con- 
Ka troller; e. g., a fighter director, 
xi 298 ae SiN airport air-surveillance radar, or 
0842 NW Gc aS130 other control. 
| Ny If wind is unknown and a 
Tage fix can be obtained, the mean 
PO i. ‘wind can be found from an air 


plot by joining the NW position 
and the fix for the same time. 
The direction of the fix from the 
NW position is the mean direc- 
tion of motion of the air. The 
reciprocal is the direction from 
which the wind blows. The 
length of the line, divided by 
the time since the last fix, is its 
speed. (See art. 710.) 

If wind is known, a DR 
position can be found at any 
time by plotting a wind-distance 
vector from the NW position at 
that time. Such a DR can be 
used to lay out a TC to any 
desired point. 

The value of an air plot is less 
Pt. Baker apparent when the aircraft is on 

ETA 0943 a steady heading than during a 

Fiaure 709.—An air plot. period of variable headings and 


0912 DR 
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air speeds. Figure 709 illustrates the simplicity and convenience of an air plot. 
Suppose that an aircraft departs from Point Able at 0800 without knowing the true 
wind. It flies a series of different headings until 0835, when a fix is obtained. 
The fix establishes wind to be 24K from 052°. The navigator continues the same 
heading while he figures the wind, and at 0842 alters heading to 118°. He starts a 
new air plot at the fix. At 0900 heading is altered to 227°. It is decided to alter 
heading to Point Baker at 0912. All that is necessary to plot a DR is to lay off the now 
known wind effect for the 37™ since the fix. From the 0912 DR the course to Point 
Baker is 162°, TH 151°, TAS 120K. The air plot is carried from the 0912 NW position. 
At 0926 the aircraft is temporarily diverted until 0934. A new DR is plotted by laying 
off the wind for 59” since the fix, and the new TC to Point Baker is 197°, GS 138K, from 
which ETA 0943 is computed. 

Although it is unnecessary and not done in practice, the figure shows a plot of 
the NW position at 0943 (ETA) with a wind vector laid out. This indicates that the 
0943 DR is also at the destination. An air plot avoids the seemingly endless solution 
of wind triangles which would be required to carry a DR plot, and yet it can easily be 
converted to a DR plot when necessary. During periods of frequent changes of head- 
ing, a navigator may have time only to record CH, IAS, and time. Use of an air plot 
greatly facilitates transformation of these data into a usable DR position. 

When an aircraft is about to depart from a field having no aerology department, 
the navigator usually has no way of knowing what the wind may be at flight level. 
He may be able to observe the effect of wind on smoke or trees in the area, but 
these indicate the direction of the surface wind. They do not provide accurate infor- 
mation concerning the wind speed or even the direction at the desired flight altitude. 
In this situation, it is best to ignore the wind altogether and assume temporarily that 
it does not exist. After the aircraft is at flight level, a wind star can be flown, an 
accurate wind obtained, and corrections to heading made. 

710. Obtaining the wind from air plot.—Two fixes are required to determine wind 
from an air plot. The fixes can be a departure point and a later fix, a level-off position 
and a fix, or two fixes obtained in 


flight. ee oo. = 

After the first fix, each head- — r00600_ —-—— = — Qosz0nw 
ing and air speed flown is plotted che fs 
on the chart. A no-wind position 3 S 
is located for the time of the second 0920 FIX 
fix. The no-wind position is the Figure 710.—Obtaining wind from air plot. 


position the aircraft would have 

occupied had there been no wind. The fix is the actual position of the aircraft at 
that time. The difference between the no-wind position and the fix at the same time 
is the effect of the wind on the aircraft. This is a mean or average wind because it is 
the average of all the wind velocities acting on the aircraft for the interval of time 
between the two fixes. 

The wind’s direction is determined by aligning a plotter with the NW position 
and the fix and reading the direction from the plotter. The wind always blows from 
the NW position éo the fix. The speed of the wind is determined by dividing the dis- 
tance between the NW position and fix by the time elapsed since the previous fix. 

Example.— 

Given.—An aircraft departs from Point C at 0800 GMT on TH 078°, TAS 120K 
until 0840 GMT, at which time the heading is altered to TH 093°. At 0920 a fix is 
obtained, as shown in figure 710. 
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Hence, the air plot is considered to be a part of dead-reckoning 


709. Air plot. A NW position is the geographical position of an aircraft if the 
entire flight is made in motionless air. It is plotted on the TH line at a distance from 
a fix determined by TAS and time. An air plot is a consecutive series of true heading 
lines and no-wind positions, in which no account is taken of wind. 

An air plot is needed so frequently that many navigators habitually make both a 


DR plot and an air plot on the same chart. 
situations, among others: 
(a) When wind is unknown. 


An air plot is often used in the following 


(6) When a navigator is confronted with a series of heading or air speed changes 


Initiated by someone else. 


If the pilot or squadron leader initiates heading changes 


to avoid bad weather or for military tactical reasons, the navigator does not have time 
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Figure 709.—An air plot. 


to compute TR and GS for 
each heading. 

(c) When a pilot is doing 
his own navigating. 

(2) When numerous head- 
ing or speed changes are antici- 
pated. 

(ec) When the movement of 
an aircraft is under the control 
of a ground- or ship-based con- 
troller; e. g., a fighter director, 
airport air-surveillance radar, or 
other control. 

If wind is unknown and a 
fix can be obtained, the mean 


-wind can be found from an air 


plot by joining the NW position 
and the fix for the same time. 
The direction of the fix from the 
NW position is the mean direc- 
tion of motion of the air. The 
reciprocal is the direction from 
which the wind blows. The 
length of the line, divided by 
the time since the last fix, is its 
speed. (See art. 710.) 

If wind is known, a DR 
position can be found at any 
time by plotting a wind-distance 
vector from the NW position at 
that time. Such a DR can be 
used to lay out a TC to any 
desired point. 

The value of an air plot is less 
apparent when the aircraft is on 
a steady heading than during a 
period of variable headings and 
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air speeds. Figure 709 illustrates the simplicity and convenience of an air plot. 
Suppose that an aircraft departs from Point Able at 0800 without knowing the true 
wind. It flies a series of different headings until 0835, when a fix is obtained. 
The fix establishes wind to be 24K from 052°. The navigator continues the same 
heading while he figures the wind, and at 0842 alters heading to 118°. He starts a 
new air plot at the fix. At 0900 heading is altered to 227°. It is decided to alter 
heading to Point Baker at 0912. All that is necessary to plot a DR is to lay off the now 
known wind effect for the 37™ since the fix. From the 0912 DR the course to Point 
Baker is 162°, TH 151°, TAS 120K. The air plot is carried from the 0912 NW position. 
At 0926 the aircraft is temporarily diverted until 0934. A new DR 1s plotted by laying 
off the wind for 59™ since the fix, and the new TC to Point Baker is 197°, GS 138K, from 
which ETA 0943 is computed. 

Although it is unnecessary and not done in practice, the figure shows a plot of 
the NW position at 0943 (ETA) with a wind vector laid out. This indicates that the 
0943 DR is also at the destination. An air plot avoids the seemingly endless solution 
of wind triangles which would be required to carry a DR plot, and yet it can easily be 
converted to a DR plot when necessary. During periods of frequent changes of head- 
ing, & navigator may have time only to record CH, IAS, and time. Use of an air plot 
greatly facilitates transformation of these data into a usable DR position. 

When an aircraft is about to depart from a field having no aerology department, 
the navigator usually has no way of knowing what the wind may be at flight level. 
He may be able to observe the effect of wind on smoke or trees in the area, but 
these indicate the direction of the surface wind. They do not provide accurate infor- 
mation concerning the wind speed or even the direction at the desired flight altitude. 
In this situation, it is best to ignore the wind altogether and assume temporarily that 
it does not exist. After the aircraft is at flight level, a wind star can be flown, an 
accurate wind obtained, and corrections to heading made. 

710. Obtaining the wind from air plot.—Two fixes are required to determine wind 
from an air plot. The fixes can be a departure point and a later fix, a level-off position 
and a fix, or two fixes obtained in 


flight. ee oe . _ 
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position the aircraft would have 

occupied had there been no wind. The fix is the actual position of the aircraft at 
that time. The difference between the no-wind position and the fix at the same time 
is the effect of the wind on the aircraft. This is a mean or average wind because it is 
the average of all the wind velocities acting on the aircraft for the interval of time 
between the two fixes. 

The wind’s direction is determined by aligning a plotter with the NW position 
and the fix and reading the direction from the plotter. The wind always blows from 
the NW position to the fix. The speed of the wind is determined by dividing the dis- 
tance between the NW position and fix by the time elapsed since the previous fix. 

Example.— 

Given.—An aircraft departs from Point C at 0800 GMT on TH 078°, TAS 120K 
until 0840 GMT, at which time the heading is altered to TH 093°. At 0920 a fix is 
obtained, as shown in figure 710. 
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Required.—Wind velocity. 

Solution (fig. 710).—A NW position is located at the time of the second fix. By 
measurement of the direction between the 0920 NW position and the 0920 fix with the 
plotter, the wind direction is found to be from 020°. The wind effect between these 
two positions measured with dividers is found to be 20 miles. By means of the E-10 
computer, the speed is determined as 15K. 

Answer.—WV 020°/15K. 

711. Climb and descent data.—The climb and descent phase of operational flights 
requires special consideration. Sometimes a navigator is fortunate enough to find an 
easily identifiable landmark along his course, over which he can take departure soon 
after arriving at flight altitude. However, this is not always possible, particularly on 
over-water flights. For low-altitude flights the plane might orbit the base until it 
reaches flight altitude, but this is not always practicable. It is often necessary to set 
the aircraft on the correct heading immediately after leaving the traffic pattern, and 
obtain information while climbing, to get a new departure point, commonly called the 
level-off position. 

Wind direction and speed usually change with altitude. As altitude increases, 
the influence of surface irregularities on air movement decreases. Also, the pressure 
gradient of the local air mass changes with altitude, resulting in further changes in 
both the direction and speed of the wind at different levels. An increase in wind speed 
is usually experienced during climb, and wind direction gradually changes direction 
until the velocity attains that of the geostrophic wind (ch. XV). Not only should a 
navigator allow for these wind changes in computing heading and ground speed, but he 
should also correct indicated air speed and altitude for the drop in air temperature 
during climb. 

It is important to fix the position of the aircraft as accurately as practicable after 
arriving at cruising altitude. It may be possible to obtain a visual or geographic fix, 
but frequently the climb is made on instruments and continued in the overcast or ‘‘on 
top.”’ In this case the air plot or dead reckoning must be relied upon and a knowledge 
of the conditions existing during climb becomes vital. In flights at altitudes of only 
a few thousand feet, climb data are usually neglected. However, for high-speed, high- 
altitude flights, an accurate level-off position becomes of great significance. If an 
aircraft climbs at 500 feet per minute, 40 minutes are needed for it to arrive at 20,000 
feet, during which time it will have traveled 160 miles over the ground if ground speed 
is 240 knots. In this distance, it might easily be 30 or 40 miles off course if climb data 
are not taken into account. 

The usual method of handling climb data 1s to obtain average values for the 
various conditions encountered during climb. Thus, mean wind is found by observa- 
tion or forecast, mean temperature and mean pressure altitude are used to correct in- 
dicated air speed and altitude to obtain average values, and the mean compass heading 
is corrected to produce a usable TH. The final result of this procedure is to obtain 
data with which to plot a level-off position to use as a departure point. 

712. Mean wind in climb.—It is not feasible to fly a wind star during climb, and 
hence only forecast winds are available during this period. 

The navigator can obtain the direction and speed of forecast winds at various 
heights for the area in which the climbing will be performed. These winds are given 
in pibal (pilot balloon) reports at intervals of 1,000 feet of altitude up to 10,000 
feet, 2,000-foot intervals from 10,000 to 20,000 feet, and at intervals of 5,000 feet 
above 20,000 feet, to a maximum altitude of perhaps 50,000 feet. The navigator ob- 
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tains his own average for the range of heights involved. This average is customarily 
obtained by one of three methods: arithmetically, mentally, or vectorially. 

Arithmetical average.—If, as is usually the case, the range of directions of the 
forecast winds does not exceed 90°, and if the speed does not vary by more than about 
50 percent of the surface wind, a satisfactory average may be obtained by adding the 
directions, adding the speeds, and dividing each sum by the total number of terms. 


Example .-— 

Altitude (feet) Direction Speed 
1,000 130° 15K 
2,000 140° 14K 
3,000 150° 16K 
4,000 160° 17K 
5,000 170° 18K 

Total 750° SOK 

A 70 SOK 

verage asi 
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Figure 712.— Mean wind obtained by plotting wind vectors on Mark 6A plotting board. 
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Mental average.—If the wind directions and speeds do not vary greatly, a quick 
arithmetical average can be obtained mentally. However, this method is limited 
to the lower altitudes. An attempt to take a mental average of velocity data for 20 
different altitudes, for instance, might lead to serious error. 

Vector average—Whenever there is a marked irregularity in the wind velocities, 
the mean wind should be determined vectorially by adding vectors representing the 
velocities at each altitude, as shown in figure 613. This can be done on paper by plotting 
each component head to tail. The direction of the resultant is the direction of the mean 
wind, and the length of the resultant, divided by the number of components, is the 
speed of the mean wind. The problem can be solved conveniently on the Mark 6A 
plotting board, as shown in figure 712, where the data given above are plotted. If 
the number of separate altitudes is not too great, the data can be plotted on the 
E-10 computer. In this case it is convenient to use the rectangular grid on the 
back of the slide in laying out the various components and measuring the resultant. 
This method might profitably be checked by the arithmetical or mental average method. 

713. Mean temperature in climb.—A reading of the thermometer should be 
taken at every thousand feet as the aircraft climbs to the desired altitude. These 
temperatures are then added together and the sum is divided by the total number of 
readings. It is good practice to omit both surface and flight-level temperatures in 
obtaining the average. (See article 715). Suppose an aircraft takes off from sea level 
and levels off at 6,000 feet altitude. The following readings are taken: 


Altitude Tempera- 
(feet) ture (° C) 


1,000 +21 
2,000 +18 
3,000 +15 
4,000 +12 
5,000 +9 

+75 

°) 
Mean temperature = eas =+15°C 


714. Mean pressure altitude in climb.—In order to find TAS from IAS, it is 
necessary to know the mean pressure altitude, in addition to the mean temperature. 
In article 430 a method was described for converting pressure altitude to indicated 
altitude by the application of pressure altitude variation (PAV), where it was stated that 
PAV (in feet) is approximately equivalent to the difference between the altimeter 
setting and 29.92 in. HGX1,000. Thus, if the altimeter setting is 29.67, PAV is 250 
feet (29.92—29.67=0.25). If the pressure altitude in flight 1s 6,250 feet, then indicated 
altitude is 6,250 feet minus PAV (in this case) or 6,000 feet. PAV is subtracted 
because sea level is 250 feet higher (nearer the aircraft) than the standard datum 
where the pressure is 29.92 in. Hg. 

Now suppose that the aircraft is to fly at an indicated altitude of 6,000 feet and the 
altimeter setting is 29.67; then PAV is 250 feet and the estimated pressure altitude 
will be 6,250 fect. Note that the conversion of indicated altitude to pressure altitude 
is the reverse of the conversion of pressure altitude to indicated altitude as described 
above and in article 430. 

Returning now to mean pressure altitude in climb, suppose that an aircraft takes 
off from an aerodrome at a 1,000 foot elevation, and is to cruise at 6,000 feet. The mean 
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true altitude is % (6,000+1,000) or 3,500 feet. If the altimeter setting is 29.67, PAV 
is 250 and the mean pressure altitude is 3,500+250=3,750 feet. This value is 
sufficiently accurate to use in correcting IAS to obtain TAS. 
Example 1.—An aircraft takes off from an aerodrome at an elevation of 2,600 feet, 
and intends to cruise at 20,000 feet; altimeter setting 29.38. 
Required.— 
(1) Pressure altitude variation. 
(2) Mean pressure altitude. 


Solution.— 

(1) Standard sea level pressure___...___.--._----.__-_--- 29. 92 
Altimeter SOONG ieee ee ea eee 29. 38 
Difference: 20025. oot oe betwee csc (+) 0. 54 

Pressure altitude variation (0.54 1000)___--__--- (4-) 540 feet 

Feet 

(2) Field elevation. .._....-..-.-----_-2--22 2 eee 2, 600 
Cruising altitude .cecescteee cece ees toe et anteie ce 20, 000 

So) 09 PORE a Me eng Sm Dec Re cea rT a ee SPR PIR COE EE 22, 600 
Mean indicated altitude____________-__----_--_-____- 11, 300 
sta ha eae eee ee en i ee (+) 540 
Mean pressure altitude____.._-..._------------___--- 11, 840 


Example 2.—An aircraft is flying at 5,000 feet, and it is decided to climb to 12,000 
feet; altimeter setting 30.25. 
Reguired.—Mean pressure altitude during climb. 


Solution.— 
Feet 
Present cruising altitude.._.....---_--------------_- 5, 000 
New cruising altitude__.__.-__---------------------- _12, 000 
UN eee se eee et eee ee ees ce eee eae _17, 000 
Mean indicated altitude___....--.-------.- 2 ------- 8, 500 
PAY (30,2529 92033) seececeutes cust eescwccccs (—) 330 
Mean pressure altitude____.__-.-.------------------ 8, 170 


715. Mean true air speed in climb.—To obtain the mean TAS in climb, the navi- 
gator first reads and records the indicated air speed (IAS) from the air-speed indicator 
for each 1,000-foot level, omitting the surface and flight level readings; the former, 
because of the variable air speed during take-off; and the latter because of the change 
to cruising air speed. Since air speeds are omitted here, corresponding temperatures 
were also omitted in determining the mean. When all the TAS readings have been 
tabulated, each one is separately corrected for instrument error, thereby giving a series 
of calibrated air speeds (CAS). These in turn are added up and the sum divided by 
the number of readings taken. This gives the average CAS. Using the mean tem- 
perature in climb and the mean pressure altitude in climb, the mean CAS Is converted 
to the mean TAS. 
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Example.— 

Given.—An aircraft has taken off from an airport at zero elevation and is climbing 
to 6,000 feet, mean pressure altitude 3,000 feet, mean temperature (+)15°C, and the 
following indicated and calibrated air speeds are obtained: 

Required.—Mean TAS in climb. 


Altitude (feet) IAS CAS 
1,000 130K 132K 
2,000 132K 135K 
3,000 131K 133K 
4,000 129K 131K 
5,000 128K 129K 
Solution.—F ind the mean CAS by adding the values given above and dividing by 5: 


cas="O 132K. 

Using the E—10 computer, set mean temperature (+) 15° C opposite mean pressure 
altitude of 3,000 feet in the airspeed window. Opposite CAS 132K on the inner scale, 
read TAS 139K on the outer scale. 

Answer.—Mean TAS in climb 139K. 

716. Mean true heading in climb.—At each integral thousand feet the compass 
heading is read and recorded. The mean compass heading is found bv dividing the sum 
of all the compass headings in climb by the number of readings taken. The deviation 
from the deviation card is applied to the mean CH to get the mean MH. Spot variation 
is found from an aeronautical chart of the area over which the climb takes place. 

This is applied to the mean MH to get the mean TH in climb. 

Example.— 

Given.—The deviation is 5° E and the variation is 7° W. Compass headings during 
climb are as given below. 

Required.—-Mean TH in climb. 


Altitude (feet) Compass heading 





0 290° 
1,000 288° 
2,000 292° 
3,000 289° 
4,000 291° 
5,000 290° 
6,000 290° 

2030° 
2030° _ 


Mean compass heading = rae 


CH 290°+5° E=MH 295°. 
MH 295°—7° W=TH 288°. 
Answer.—Mean TH in climb 288°. 


717. Level-off position.—The level-off position is the objective in making climb 
computations. It is located by means of course and ground speed, as is any other DR 
position. If drift can be read during climb, the level-off position can be located along 
the track. If drift cannot be read during climb, as is usually the case, the level-off 
position is located along the course line. Using the mean TAS, mean heading, and 
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mean wind in climb, the mean ground speed (GS) 1s found on the E-10 computer or 
Mark 6A plotting board. Using the mean GS in climb and the time required to reach 
the desired flight level, the navigator can compute and plot the distance traveled from 
the take-off point along the course line or track to establish the level-off position. 
Alternatively, the NW position can be found, using the mean TH and mean TAS, and 
the wind effect applied to find the DR position. 


Summary of steps in the climb phase to establish a level-off position. 
1. Before take-off: 

(a) Average the forecast winds for the altitudes through which the aircraft 
will climb. 

(6) Using the anticipated mean IAS, mean pressure altitude, and the fore- 
cast mean temperature, find TAS. 

(c) With CAS, TAS, and mean wind, calculate the TH; apply variation to 
find MH. 


2. At take-off or departure. Record the following: 
(a) Time. 
(b) Field elevation. 


3. During climb. At regular intervals, usually every thousand feet, record 
the following: 
(a) Indicated Air Speed (IAS). 
(6) Drift (if possible). 
(c) Compass heading (CH). 
(d) Temperature. 
4. At level-off. Record the following: 
(a) Time. 
(6) Altitude. 


5. After level-off. As soon as possible after reaching flight altitude, establish a 
DR position for the level-off point. Use mean drift if it can be read and mean CH, 
variation, and deviation to find TH. Use the mean forecast wind and the mean TAS 
to find TR and GS, or apply mean wind effect to the NW position. 

718. Variations in finding the level-off position.—Special problems often arise 
requiring the use of logic and common sense. If an undercast prevents the obtaining 
of drift readings, for instance, the mean forecast wind is used to find both track and 
ground speed. If the mean observed drift differs from the drift predicted on the basis 
of the mean forecast wind, the forecast wind is in error. If drift can be read, track 
is established by using TH and the mean of the drift readings. However, this does 
not give a basis for obtaining ground speed. 

If the forecast wind is greatly in error, TAS rather than GS predicted on the basis 
of the forecast wind should be used, since the application of a correction of question- 
able accuracy may introduce an additional error and thus decrease rather than increase 
the accuracy of the result. However, if there is reason to suspect that the forecast 
wind is not greatly in error, the forecast wind may give better results than an assump- 
tion of no wind. This is essentially a matter of judgment. 

When the climb extends over a long period, as to 30,000 feet, the navigator should 
establish a DR position every 15 or 20 minutes. This eliminates difficulties in averag- 
ing caused by a change in the air temperature lapse rate in the upper atmosphere, or 
by a decreaso in the aircraft’s rate of climb at higher altitudes. 
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Erample.— 
Given.— 
Mean wind in climb____________________________- 150°/16K 
Mean temperature in climb_______________________ (+)15° C 
Mean pressure altitude__.__________-_-.-_________ 3,000 feet 
Mean calibrated air speed______._.______________- 132K 
Mean compass heading_________.__._..__-_-_-_---- 292° 
WCVB ON niet eee oo Eee aos ee ae a ae 5° E 
Variation: Sp0t) ce cccc cer eseweesacecwecbewacneue 7° W 
Time of take-off___.___._____.---- 2 2 ele 0800 GMT 
Time of level-off._.-__.._._.--_--_-2 2 2 eee eee. 0820 GMT 
ETUC: COUNSO sees st oe hens eet eee es 294° 
Required.— Answers 
(1) Mean true heading in climb_-_-_____- Sten ete fees 290° 
(2) Mean true airspeed in climb_____________-___-- 139K 
(3) Mean ground speed in climb_-_____-___________- 152K 
(4) Track in climb______-_______________________ 294° 
(5) Time in climb___._._--_-_--_-_-_-_.-__-___ ee 20™ 
(6) Distance covered in climb___________-.-___-_-- 50.5 mi. 
Solution.— 


CH 292°+5° E Dev.=MH 297°. 
MH 297°—7° W Var.=TH 290°. 


(1) On E-10 computer, CAS (132K) corrected for temperature (+)15° C and 
mean pressure altitude (3,000 feet)—TAS 139K. 

(2) On Mark 6A plotting board or E-10 computer set TH (290°), TAS (139K), 
and mean wind in climb (150°/16K). GS is found to be 152K and TR is 294°. 


(3) Time of level-off (0820) minus time of take-off (0800) gives 20 minutes in 
climb. 

(4) On E-10 computer, GS 152K, time in climb (20"), gives a distance covered 
of 50.7 miles. 

Using the information found, the navigator now locates the level-off position. 
As the track in climb checked with the course, he plots 50.5 miles along the course line 
from the take-off position. This gives him the level-off position. 

719. Descent phase.—At the end of an operational flight a navigator is usually 
not interested in the descent phase. When this begins, the navigation is customarily 
taken over by the pilot, who descends to the traffic pattern and lands the aircraft. 
However, during a flight it may be desired to drop down several thousand fect to estab- 
lish a new flight level. This could be done for one of many reasons, as to avoid traffic 
congestion, to take advantage of more favorable winds, to avoid the worst of the tur- 
bulence in thunderstorms, to investigate enemy ships, to search for lost aircraft, etc. 

The first step in the descent phase is to calculate a DR position for the time at 
which the descent begins. During the descent, the navigator reads and records the 
IAS, CH, and drift as in the climb phase. At the end of the descent another DR 
position is established using mean TAS and CH during the descent and the best aver- 
age wind available. If the forecast wind is no longer considered to be valid, the 
navigator may average the wind at the high altitude with the wind found after the 
descent is completed. 

720. Heading changes.—Once of the primary duties of the navigator is to keep the 
aircraft on course. The methods used to accomplish this task depend largely upon 
existing circumstances, such as specific orders for the flight, the type of flight, weather, 
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and other factors. In general, the navigator attempts to keep the aircraft close to the 
planned course. If it should stray off course, so that the track and course differ ma- 
terially, the navigator can correct a heading by alteration near the end of the flight. 
On this final leg, the navigator devotes his efforts to keeping the pilot on a heading such 
that the track and course coincide. 

On long flights, when the aircraft wanders off course, a wind shift will sometimes 
bring it back on course again without any alteration of heading. However, if the air- 
craft strays too far off course, a correction should be made either to bring it back to the 
original course or to @ new one to reach the destination more expeditiously. In cir- 
cumstances where precision is required, it may be necessary to make frequent alter- 
ations in heading to correct for small changes in drift. This practice is not necessary 
on an ordinary long distance flight. If the fhght has a photographic mission for map- 
ping purposes or a search mission under rigid orders, the navigator should maintain 
course accurately. In this case he will alter heading for the slightest change in drift 
or for any other reason which would take him off course. 

The navigator is usually aware of the need for heading alterations, and it is 
his job to compute them and give the necessary information to the pilot. It can be 
said, figuratively, that the navigator normally stays ahead of the aircraft and foresees 
any impending changes. There are occasions, however, when the pilot will initiate 
the changes, and the navigator will have to follow the aircraft. In the case of enemy 
action, avoiding thunderstorms, dodging fronts, and evasive action, the pilot will take 
Over and may not even have time to warn the navigator of the alterations. The navi- 
gator must be alert to detect such changes if his work is to be accurate. During the 
period of changing heading, the navigator works toward one goal—that of ending the 
period with an accurate DR position. Thereafter, the navigator can resume the normal 
methods and concentrate upon getting the aircraft to its destination. 

When the pilot takes over, with or without warning, the most important job for 
the navigator is to follow him as accurately as possible. This procedure, called tracking, 
is discussed in article 722. 

721. Altering heading to parallel or return to course line.-—Whenever a wind shift 
causes the drift to change, some other element changes also. If the aircraft follows 
the same heading, the track will no longer lie along the course line. Usually a navi- 
gator observes drift approximately every 15 minutes when such observations can be 
made. If the drift changes Just after a drift reading is taken, the aircraft can be off 
course appreciably in 15 minutes. 

If a navigator suspects from his drift readings that the aircraft is off course, he 
should immediately attempt to verify the fact by obtaining a fix. If the fix indicates 
that the aircraft is off course, the navigator should compute a heading alteration which 
will allow the aircraft to parallel or return to the course line. The following are com- 
mon methods of finding the amount of course correction: 

1. If a fix has been obtained, a new TC to destination (or to parallel the old 
course line) can be plotted and a new TH and PGS can be computed. 

2. The Rule of Sixty can be used as arule-of-thumb. This rule states that for 
each mile off course in a 60-mile leg, the correction to parallel the original course line 
is 1°. For example, figure 721a illustrates a course from Point Able to Point Baker, 
080°, distance 150 miles. After flying 60 miles from Point Able, the aircraft is 3 miles 
off course. The track of the aircraft is 083°, and in order to parallel the original course 
line, heading must be changed about 3° to the left. To return to the original course 
line in another 60 miles, the correction is doubled, or 6° left. 
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Erample.— 
Given. — 
Mean wind in climb_____-______________________- 150°/16K 
Mean temperature in climb______________._______- (+)15° C 
Mean pressure altitude._._.__.__.___.____-______- 3,000 feet 
Mean calibrated air speed________.______________. 132K 
Mean compass heading..__..__.___.________---__- 292° 
DeViation seusadecscte de oe abes iu bdadeceatekeule 5° 
Variation (spot)_._.__..-_-_-_.________-__________. 7oW 
Time of take-off__.._._._-_- 2 _-_ eee 0800 GMT 
Time of level-off__-._.-...-2-- 2 ee 0820 GMT 
True course___._-______.--_..-__________-_______-- 294° 
Required.— Answers 
(1) Mean true heading in climb_________._______-_- 290° 
(2) Mean true airspeed in climb_______________-_-_- 139K 
(3) Mean ground speed in climb__________-______- 152K 
(4) Track in chmb_______-______________________- 294° 
(5) Time in climb______-.-----_-_--- =e. 20™ 
(6) Distance covered in climb_____________.______- 50.5 mi. 
Solution.— 


CH 292°+5° E Dev.=MH 297°. 
MH 297°—7° W Var.=TH 290°. 


(1) On E-10 computer, CAS (132K) corrected for temperature (+)15° C and 
mean pressure altitude (3,000 feet)—=TAS 139K. 

(2) On Mark 6A plotting board or E-10 computer set TH (290°), TAS (139K), 
and mean wind in climb (150°/16K). GS is found to be 152K and TR is 294°. 


(3) Time of level-off (0820) minus time of take-off (0800) gives 20 minutes in 
climb. 

(4) On E-10 computer, GS 152K, time in climb (20), gives a distance covered 
of 50.7 miles. 

Using the information found, the navigator now locates the level-off position. 
As the track in climb checked with the course, he plots 50.5 miles along the course line 
from the take-off position. This gives him the level-off position. 

719. Descent phase.—At the end of an operational] flight a navigator is usually 
not interested in the descent phase. When this begins, the navigation is customarily 
taken over by the pilot, who descends to the traffic pattern and lands the aircraft. 
However, during a flight it may be desired to drop down several thousand feet to estab- 
lish a new flight level. This could be done for one of many reasons, as to avoid traffic 
congestion, to take advantage of more favorable winds, to avoid the worst of the tur- 
bulence in thunderstorms, to investigate enemy ships, to search for lost aircraft, etc. 

The first step in the descent phase is to calculate a DR position for the time at 
which the descent begins. During the descent, the navigator reads and records the 
IAS, CH, and drift as in the climb phase. At the end of the descent another DR 
position is established using mean TAS and CH during the descent and the best aver- 
age wind available. If the forecast wind is no longer considered to be valid, the 
navigator may average the wind at the high altitude with the wind found after the 
descent is completed. 

720. Heading changes.—One of the primary duties of the navigator is to keep the 
aircraft on course. The methods used to accomplish this task depend largely upon 
existing circumstances, such as specific orders for the flight, the type of flight, weather, 
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and other factors. In general, the navigator attempts to keep the aircraft close to the 
planned course. If it should stray off course, so that the track and course differ ma- 
terially, the navigator can correct a heading by alteration near the end of the flight. 
On this final leg, the navigator devotes his efforts to keeping the pilot on a heading such 
that the track and course coincide. 

On long flights, when the aircraft wanders off course, a wind shift will sometimes 
bring it back on course again without any alteration of heading. However, if the air- 
craft strays too far off course, a correction should be made either to bring it back to the 
original course or to a new one to reach the destination more expeditiously. In cir- 
cumstances where precision is required, it may be necessary to make frequent alter- 
ations in heading to correct for small changes in drift. This practice is not necessary 
on an ordinary long distance flight. If the flight has a photographic mission for map- 
ping purposes or a search mission under rigid orders, the navigator should maintain 
course accurately. In this case he will alter heading for the slightest change in drift 
or for any other reason which would take him off course. 

The navigator is usually aware of the need for heading alterations, and it is 
his job to compute them and give the necessary information to the pilot. It can be 
said, figuratively, that the navigator normally stays ahead of the aircraft and foresees 
any impending changes. There are occasions, however, when the pilot will initiate 
the changes, and the navigator will have to follow the aircraft. In the case of enemy 
action, avoiding thunderstorms, dodging fronts, and evasive action, the pilot will take 
over and may not even have time to warn the navigator of the alterations. The navi- 
gator must be alert to detect such changes if his work is to be accurate. During the 
period of changing heading, the navigator works toward one goal—that of ending the 
period with an accurate DR position. Thereafter, the navigator can resume the normal 
methods and concentrate upon getting the aircraft to its destination. 

When the pilot takes over, with or without warning, the most important job for 
the navigator is to follow him as accurately as possible. This procedure, called tracking, 
is discussed in article 722. 

721. Altering heading to parallel or return to course line-——Whenever a wind shift 
causes the drift to change, some other element changes also. If the aircraft follows 
the same heading, the track will no longer lie along the course line. Usually a navi- 
gator observes drift approximately every 15 minutes when such observations can be 
made. If the drift changes just after a drift reading is taken, the aircraft can be off 
course appreciably in 15 minutes. 

If a navigator suspects from his drift readings that the aircraft is off course, he 
should immediately attempt to verify the fact by obtaining a fix. If the fix indicates 
that the aircraft is off course, the navigator should compute a heading alteration which 
will allow the aircraft to parallel or return to the course line. The following are com- 
mon methods of finding the amount of course correction: 

1. If a fix has been obtained, a new TC to destination (or to parallel the old 
course line) can be plotted and a new TH and PGS can be computed. 

2. The Rule of Sixty can be used as a rule-of-thumb. This rule states that for 
each mile off course in a 60-mile leg, the correction to parallel the original course line 
is 1°. For example, figure 721a illustrates a course from Point Able to Point Baker, 
080°, distance 150 miles. After flying 60 miles from Point Able, the aircraft is 3 miles 
off course. The track of the aircraft is 083°, and in order to parallel the original course 
line, heading must be changed about 3° to the left. To return to the original course 
line in another 60 miles, the correction is doubled, or 6° left. 


166 DEAD-RECKONING PROCEDURE 





FicurE 721a.—Off-course correction by “Rule of Sixty.” 


3. Off-course correction tables such as table 721 give the amount of the correction 
in order to parallel the original course. For example, if in figure 721b a navigator finds 
that after flying 110 miles he is 15 miles off course, he will have to alter heading enough 
to make a course correction of 8°. If he is 200 miles from his destination, the correc- 
tion to converge on the destination is the above 8° and a further correction from the 





FictreE 721b.—Off-course correction by table 721. 


table of 4°, so that the total correction is 12°. Strictly, the distances used in applying 
the ‘Rule of Sixty” or the correction table should be measured along the track, but 
the error introduced by measuring along the original course line will be slight for short 


distances. 
TABLE 721.—Off-course correction table 


Miles off course 


9 10 
| 








Miles flown 1f2]a|s 5 ofr |s is | m | 25 | 0 | « | 5 


| Correction to parallel course 


1° 1°] ° ° ° 3 ° ° ° °o °o 
LOuewe ste 2 6 | 12 | 17 | 24 | 30 | 37 | 44 | 53 | 64 | 90 j____|-- te] ete} 
20 2ossccceet!- 6 9) 12 | 14 | 17 | 20 | 24 | 27 | 30 | 49 
S| | ere es 2 4 6 8} 10} 12; 14] 15 | 17 | 19 | 30 
40 cseehen2) 3 4 6 7 9/10); 12] 13 |] 14 | 22 
1) | eer 1 2 3 D 6 7; 8] 9] 10) 12 | 17 
O03 .32¢25.534 1 2 3 4 +) 6 7 8; 9j| 10; 14 
TOzeuse sti: 1 2 3 3 4; 5] 6 7 7 8 | 12 
SOQsteecsees)!. 1 2 3 4 4 5) 6 6 7} 11 
9022 fc2i esac ] 1 2 3 3 4 4 5) 6 6 | 10 
OOS 232 2)° al 1 2 2 3 3 4 5) 5) 6 9 
MO ceeetee) 1 2 2 3 3 4 4 5) 5) 8 
P20 32 2S 0) 1 ] 2; 2 3 3 4 4 5) 7 
130 see: 0 1 1 2 2 3 | 3 4 4 4 7 
14Ocscinesy. 10 I 1 2 2 2 3 3 4 4 6 
P02 2225.45 0 1 1 2 2 2 3 3 3 4 6 
160_....----| 0 1 1 1 2 2 3 3 3 4 3 
Ws 6 eeneeeercneaes 0 1 l 1 2 2 2 3 3 3 5) 
ERO] oh 0 1 1 1 2 2 2 3 3 3 5 
POU2e ze tece 20 1 ] ] 2 2 2 2 3 3 5) 
Z200.222.0520.2)" 0 1 1 ] 1 2 2 2 3 3 4 
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722. Tracking.—As previously mentioned, the term tracking refers to the type 
of navigation in which the navigator follows the movements of the aircraft or other 
object. That is, either the pilot of his aircraft, a wingman, a squadron leader, or a group 
leader is doing the directing and the navigator is following. Since the navigator cannot 
foresee the alterations of heading in this case, he should keep an accurate record of 
the compass headings, indicated air speeds, and the times. Often, he must work quickly 
to keep up with the maneuvers. A well-labeled chart is particularly useful for eventual 
rechecking of the work. If the navigator can read drift, and if it is improbable that 
headings will be changed too rapidly or too frequently, he may prefer to use ground 
plot. In this case he records CH, IAS, and drift, as usual. Whenever the CH changes 
appreciably, or for a considerable period, the TR and GS are determined to establish 
a DR position. The GS used is that based upon average TAS and winds computed by 
drift on multiple headings. 

Air plot is usually employed when the navigator expects rapid and frequent 
changes in heading and air speed. His task is to maintain a continuous plot of TH 
and TAS. If, as is customary, the navigator has been running both a ground plot 
and an air plot, he merely stops his ground plot (DR) and continues only the air plot. 
If the navigator can read drift, he can determine the wind on two or more headings. If he 
cannot read drift, the best available wind is used. The final DR position, after the 
maneuvering phase is completed, is obtained by applying to the final NW position the 

total wind effect of the various winds for the duration of the air plot. If nothing is 
known about the wind, the air plot represents the aircraft’s best known TR and GS. 
During a maneuvering phase the air plot is much quicker and more convenient than a 
ground plot because the wind effect 1s not considered until the phase is completed. 
If the navigator attempts to use ground plot, he calculates the effect of the wind on 
both TR and GS for each leg of the phase. 

The following problem illustrates the solution of a maneuvering phase by both 


ground plot and air plot. 


Erample.— 

Given.— 
O00 TX soe ehet eee te L 28°00’ N-) 87°00’ W 
0900-0915____________--_ eee TH 050° TAS 150K 
091570925 saree Oia ae TH 120° TAS 160K 
OOF BOA ds oe Fea Me Sia TH 060° TAS 170K 
Witenes ae ee 180°/30K 


Required.—Air plot and DR plot. 
Solution (fig. 722).— 
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MS Pag et ¢, a 41 Suter circle reading 
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Figure 722.—Tracking by air plot. 
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FictreE 721a.—Off-course correction by “Rule of Sixty.” 


3. Off-course correction tables such as table 721 give the amount of the correction 
in order to parallel the original course. For example, if in figure 721b a navigator finds 
that after flying 110 miles he is 15 miles off course, he will have to alter heading enough 
to make a course correction of 8°. If he is 200 miles from his destination, the correc- 
tion to converge on the destination is the above 8° and a further correction from the 
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FicurE 721b.—Off-course correction by table 721. 


table of 4°, so that the total correction is 12°. Strictly, the distances used in applying 
the “Rule of Sixty” or the correction table should be measured along the track, but 
the error introduced by measuring along the original course line will be slight for short 


distances. 
TABLE 721.—Off-course correction table 


Miles off course 


i aie 


Miles flown rfajala|s ofa] s 








is | m | 25 | 9 | o | a 


Correction to parallel course 














° ° ° 
10__-------- 6 | 12 | 17] 24 | 30 | 37 | 44] 53 | 64] 90 |__..|.---J- 22 ]-22-|e2 fee 
20..........| 3| 6] 9]| 12] 14] 17 | 20] 24] 27 | 30] 49 
30..........| 2] 4] 6] 8 | 10] 12] 14] 15] 17] 19 | 30 
40_.---.---- 1/ 3| 4] 6] 7] 9] 10] 12] 13] 14 | 22 
50.--.-----.| 1] 2] 3] 5| 6| 7] 8 10 | 12 | 17 
60....-..-..| 1] 2] 3] 4] 5] 6] 7] 8] 9] 10/ 14 
70_..------- 1/ 2} 3] 3] 4] 5] 6] 7] 7] 8/12 
gO..........| 1] 1] 2] 3] 4] 4] 5] 6] 6] 7/141 
90__-.------ 1; 1/ 2] 3} 8] 4] 4] 5! 6] 6/10 
100__-.--_-- 1/ 1! 2] 2] 3] 3] 4} 5] 5] 6! 9 
HOt I el es oe, ee get ae) Sa ell) Ge ll 3g 
120sseee) 0) 1) 1) 2, 2) 3). 8) 4) 4] &).9 
130.........| o| 1/ 1] 2} 2] 3) 3] 4] 4] 4] 7 
140.........| o| 1] 1] 2] 2] 2] 3] 3] 41 4] 6 
180.........| o| 1/ 1]; 2] 2] 2) 3] 3! 383] 4] 6 
WOO soeeuecel! Oi Ro Se a Dek, SEW hs Bo cee Be ae 
170sfecence Ol We). Ate Boe | 23 3S) 34. 5 
PS0zeceseeey | 0] Ao] te} TB By Be eh Be 8 
190eecaos OE: Ba? Be eae 2, a ae ae 
200..-.-....| 0} 1/ 1] 1] 1 2| 2 2/ 3| 3] 4 
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722. Tracking.—As previously mentioned, the term tracking refers to the type 
of navigation in which the navigator follows the movements of the aircraft or other 
object. That is, either the pilot of his aircraft, a wingman, a squadron leader, or a group 
leader is doing the directing and the navigator is following. Since the navigator cannot 
foresee the alterations of heading in this case, he should keep an accurate record of 
the compass headings, indicated air speeds, and the times. Often, he must work quickly 
to keep up with the maneuvers. A well-labeled chart is particularly useful for eventual 
rechecking of the work. If the navigator can read drift, and if it is improbable that 
headings will be changed too rapidly or too frequently, he may prefer to use ground 
plot. In this case he records CH, IAS, and drift, as usual. Whenever the CH changes 
appreciably, or for a considerable period, the TR and GS are determined to establish 
a DR position. The GS used is that based upon average TAS and winds computed by 
drift on multiple headings. 

Air plot is usually employed when the navigator expects rapid and frequent 
changes in heading and air speed. His task is to maintain a continuous plot of TH 
and TAS. If, as is customary, the navigator has been running both a ground plot 
and an air plot, he merely stops his ground plot (DR) and continues only the air plot. 
If the navigator can read drift, he can determine the wind on two or more headings. If he 
cannot read drift, the best available wind is used. The final DR position, after the 
maneuvering phase is completed, is obtained by applying to the final NW position the 
total wind effect of the various winds for the duration of the air plot. If nothing is 
known about the wind, the air plot represents the aircraft’s best known TR and GS. 
During & maneuvering phase the air plot is much quicker and more convenient than a 
ground plot because the wind effect is not considered until the phase is completed. 
If the navigator attempts to use ground plot, he calculates the effect of the wind on 


both TR and GS for each leg of the phase. 
The following problem illustrates the solution of a maneuvering phase by both 


ground plot and air plot. 





Example.— 
Given.— 
0900 D8 ero te dee eee ie Sek se L 28°00’ N- 87°00’ W 
900-00 16 ns oe eee eo ceases be TH 050° TAS 150K 
0019-0920: 2 cic tue eet eekeds 2. TH 120° TAS 160K 
0925-0048) ov oe ewer Seosec ui eee TH 060° TAS 170K 
WY PO a ae hue ae en ee 180°/30K 
Required.—Air plot and DR plot. 
Solution (fig. 722).— 
87°;W 86 Ww 85°W 
| s* 
29° Ss ° = 
SI a 
#, \ g 
4 of 0 0945 NW 
= Se CE ¥ es ae 
« Tf. ' For Sevth Lotitude 
VS PQWSNW Ob 9250R _- 609 bccn 
¥ log cone eae 
= \ 
WA ° “SSiposasnw 
287% pac f 4A 


FIGURE 722.—Tracking by air plot. 
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Ground plot Air plot 
Drift angle Track GS Distance (miles) Distance (miles) 
0900-0915 8° L 042° 171K 42.5 37.5 
0915-0925 10° L 110° 147K 24.5 26. 5 
0925-0945 8° L 052° 186K 62 56. 6 


Wind effect 22.5 miles 
Answer.—See plot. 


723. Altering heading to destination. When the flight is nearing completion; 
that is, when the aircraft is within approximately one hundred miles of the destination, 
the navigator should calculate an exact TH to the destination. He should also make 
certain that the pilot stays on this heading, so that TR will coincide with TC. 

The first step is to extend the present track for approximately 5 or 10 minutes, and 
locate a DR position. A future time is used to allow time for a new solution for TH 
before arriving at the DR position. It is assumed that the instrument readings during 
this period will be reasonably consistent with those since the previous position. 

Next, the navigator plots a new TC from the DR position to destination. Using 
the last known wind and the TAS the aircraft has been making good, he calculates the 
new TH. Applying the average magnetic variation between the DR position and 
destination to this TH, he computes the MH. The MH is converted to CH, using the 
deviation from the deviation card. 

The next step is to measure the distance from the DR position to the destination 
and compute an ETA. The GS to be used is based upon the best wind information 
available. Before reaching the DR position, the navigator should hand the pilot a 
slip of paper telling him exactly what he is to do. On the paper should be the time, 
the new CH, the ETA and the fact that he is to alter his heading. By supplying the 
information in writing, the navigator minimizes possible misunderstanding. 

After the aircraft has steadied on the new heading, the navigator should coach the 
pilot until he is exactly on course. The drift and deviation should be checked, and any 
correction necessary should be given to the pilot. On this final leg to destination it is 
important that the navigator make the TR coincide with TC. The procedure of 
constant correction of heading so that the TR will coincide with the TC is called 
track crawling. The navigator should adopt an entirely new attitude toward directing 
the pilot on this final leg. Ona normal leg along the flight, while locating DR positions, 
he can let the pilot wander within limits. But making the final precision approach, 
the pilot must stay on the desired heading. The criterion of a navigator’s work is the 
accuracy of his final course and ETA. 

724. Altering heading to maintain course.—On some flights the navigator is given 
orders to maintain course at all times. That is, the track and the course must coincide 
constantly, as nearly as possible. Examples of this type of flight are photographic 
missions for mapping, various kinds of search patterns, and tactical problems involving 
relative motion. On these flights, when any change in drift is observed, regardless of 
how small it may be, an alteration is made to correct for it. This is done continually, 
no matter how often the drift changes occur. The navigator should take drift readings 
frequently and give small corrections to the pilot. as the need arises. The pilot should 
hold exact. headings and change these as directed, even by the smallest amount. 

725. Recomputed point of turn.—The navigator is sometimes required to use DR 
navigation for long periods with little or no aid from other types of navigation, as in 
some long-distance over-water patrol flights. The weather may be overcast, preventing 
celestial observations, landmarks are not available, and if the flight is far off-shore, 
electronic aids may not be available. In such a situation, the navigator should be 
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unusually careful and accurate with his DR navigation. One miscalculation as to speed, 
time, or distance may lead to an eventual ditching of the aircraft. An incorrect 
turning position may result in similar disaster. Consequently, the navigator should 
check and recheck his information, and may even have to replot a turning point for 
greater accuracy. The replotting of a turning position is called recomputing the point 
of turn. 

Recomputed-point-of-turn procedure may be divided into two situations. One 
method is used when the drift changes, and another when the drift does not change. 
Note that a wind may change in direction and speed in such a manner that the drift 
angle remains the same. Drift alone may give no indication of a wind change. 

Change of drift angle (fig. 725a).—An aircraft has been out on patrol for eight hours 
without a fix. At 2025 a turn is made and the wind in turn is established. Wind 
established by two drift readings is called double-drift (DD) wind. 

Drift readings are taken regularly. At 2055 the drift angle changes, thereby 
changing the track. At 2130 another turn is made and another double-drift wind 










2025 
WV on turn 


New GS found from wind 
on turn at 21380 applied 
to point at which drift 


changed. 2055 (Drift changes here) 


(New Ground Speed) 


(Recomputed point of turn) 


2130 (Original turning point) 
WV on turn 


Figure 725a.—Recomputed point of turn when drift angle changes. 


obtained. This wind does not agree with the wind found at 2025. Since the direction 
of the track has been established between these two turning points by applying drift 
angle to TH, it can be considered to be correct. However, the GS used since 2025 
has been based upon the wind found at that time. Since the new wind disagrees with 
the old wind, the GS may be in error. Therefore, if the old GS is used to determine 
the 2130 turning point, the position will be incorrect. Consequently, the new GS 
computed from the double drift wind obtained at 2130 should be used from 2055, 
the point at which the drift shifted, and the turning point should be replotted. The 
turning point will lie on the established track, but in a different position depending 
upon the new GS. 

Constant drift angle (fig. 725b).—An aircraft has been flying under the same circum- 
stances as in figure 725a. At 2025 a turn is made and a DD (double drift) wind at that 
time is established. On the next leg there is no drift change and at 2130 a second turn 
is made. On this turn a new DD wind is obtained, and this differs from that found 
at 2025. However, since constant drift readings were taken, the direction of the 
track is considered to be correct. Evidently, the GS was incorrect in locating the 
turning point at 2130, thereby making the plotted turning point incorrect. The wind 
found at 2025 is averaged with the wind found at 2130 to get an average ground 
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speed on the middle leg. Since it is not known where the wind shifted, the point of 
turn at 2130 is replotted using the new average GS from the 2025 position. 

The constant drift angle procedure may also be used when the heading is changed 
to keep the same track. This is particularly applicable when there are several changes 
in drift. 

726. Controlled time of arrival On routine flights it usually is not important to 
reach the destination at any particular time. The navigator merely keeps account 
of the GS, and has an ETA at destination ready at all times, based upon the latest 
and best information. 

However, on some occasions accurate timing is essential to the success of a flight. 
In a refueling operation or in joining up with a formation at a given rendezvous at a 
definite time, for instance, it is imperative that every aircraft arrive on schedule. 
Even after joining the formation, it may be necessary that all the planes reach a given 
target at a specified time for tactical reasons. A single aircraft may be ordered to be 





2025 








WV on turn 


Wind on second turn at 2130 differs 
from wind on first turn at 2025. 


Average GS found by averaging new GS 
with old GS. 


Average GS 


(Recomputed point of turn) 


2130 (Original turning point) 
WV on turn: 


FicurE 725b.—Recomputed point of turn, constant drift angle. 


at a destination or turning point at an exact time. In each of these situations the 
procedure used is called controlled time of arrival. 

The time of arrival at a destination or target depends upon three factors: 

1. Time of departure. 

2. Ground speed. 

3. Distance to fly. 
Time of arrival can be controlled by varying one or more of these factors, within 
certain limits. It is easy to lose time in flight, but it is sometimes difficult to gain time. 
This is particularly true with large, complex formations composed of different aircraft 
types. The planning of a flight in which accurate timing is essential should include 
some means of gaining time, as by specifying several legs whose length can be shortened 
in flight to decrease the distance. 

Pre-flight: Controlling time of departure —The widest. latitude available in con- 
trolling the time of arrival is usually to control the time of departure. If an aircraft 
must reach a destination at a given time, it must depart early enough to cover the 
required distance at a reasonable GS. The time necessary to reach a destination after 
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departure is computed by using an estimated TAS and the best available estimate of 
winds. A margin of error should be allowed for a change of winds or an error in wind 
prediction. In this way, a departure time which will best meet the requirements of 
the flight can be computed on the ground before take-off. 

At flight level: (a) Controlling the ground speed.—In order to control the GS, a 
navigator must be able to vary the airspeed. However, air speed should be held rela- 
tively constant, especially if the aircraft is maintaining a position in formation. 

To control the time of arrival by controlling the GS, the navigator should compute 
the speed he wants the pilot to fly by solving the usual problem in reverse; that is, 
from GS to IAS. From the DR position, the navigator measures the distance to the 
destination. This distance is then divided by the difference between the time of the 
DR position and the desired time of arrival. The result is the necessary GS which 
must be maintained in order to reach the target at the given time. 

Ground-speed control can be simplified by determining in advance the ETA at a 
number of points along the intended track. For instance, scheduled positions at 
10-minute intervals might be marked off along the proposed track, and each position 
labeled with the ETA at that point. Frequent check points are then available and 
during flight the navigator can determine without calculation whether he is on schedule. 
This method is particularly applicable during contact flight conditions over land, where 
position can be determined frequently by reference to landmarks. (See chapter VIII.) 

(b) Varying the distance—Another means of controlling the time of arrival is to 
vary the distance to fly. Since time of departure is usually computed on a slow GS, 
the navigator usually has to lose time in order to meet the specified time of arrival. 
To do this, he alters course so as to fly a longer distance. There are various ways to 
alter course depending upon the amount of time to lose. 

Small amounts of time can be lost in several ways, such as flying a series of S- 
turns back and forth along the course, or executing a 360° turn. The time lost can 
be varied by changing the size or number of turns made. Another method is to fly a 
series of wind stars, adjusting the time on the legs to the amount of time to be lost. 

If it is desired to lose more than a few minutes, it is better to increase the distance 
by flying an angular course instead of a series of S-turns or wind stars. Two methods 
are in common use: the jog method, and the dog-leg course method. Both of these 
methods make use of the air plot to determine the headings which at a constant air 
speed will bring the aircraft to the desired ground point at the required time, assuming 
a known and constant wind. 

Jog method (fig. 726a).— 

Given.—Present course 024°, GS 220K, TH 033°, TAS 240K, WV 090°/40K; 
1030 distance to point O, 375 miles; required arrival time 1230. 

Required.—Headings to increase distance so as to arrive at required time. 

Discussion.—At present GS only 1° 42™ are required to cover the distance (375 
miles), and the aircraft will arrive 18" early. The problem is to increase distance so 
that at present air speed this 18™ will be used up. 

Solution —(1) Extend the DR track for a sufficient time to enable solution of the 
problem, as to 1040. 

(2) Compute the time interval (1° 50™) between the new DR (1040) and the 
desired time of arrival at point O (1230). 

(3) Plot a wind vector into the wind (090°) from O and scaled to represent 73.5 
miles, the wind effect for 12507 at 40K. The tail of the wind arrow is the NW position 


corresponding to O. 
691-651°—63_—12 
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1135 NWO 


TAS 240 K 


01135 NW 


FIGurE 726a.— Losing time by jog method. 


(4) To arrive at NW at 1230 using two legs, each leg will require 55™ (1"50™+2), 
and at TAS 240K, will be 220 miles long. From the 1230 NW and 1040 DR swing 
arcs of radius 220 miles intersecting at two points (1135 NW) which are two possible 
turning points of the “jogs”, one on each side of the original course. The directions 
of the lines joining the 1040 DR and the NW positions are the required headings. 

(5) Decide whether to jog right or left considering danger areas, obstructions, 
enemy fire, weather, etc. Fly the first heading until 1135, then alter heading (AH) to 
the second heading. 

Answers.—TH 002° or 067°. 

Dog leg course method.—This method, sometimes used by military aircraft for 
purposes of deception, also utilizes the air plot. The aircraft in figure 726b is on 
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r 0600 
Position 


©) 
Target A 





Target B 
0805 NWO 


FiGuRE 726b.—Losing time by dog-leg course method. 


course to target A, but at some point it will change course and attack target B. Since 
the time of arrival at the initial point (IP) of the bombing run is determined largely 
by the time when the course is changed, this is a method for controlling the time of 
arrival. Time can be gained or lost in this method by adjusting the turning point. 

Example.—Two bombing targets are located as shown in figure 726b. At 0600 
an aircraft is making good TR 167°, GS 222K toward target A, which is 340 miles away, 
TH 161°, TAS 190K, WV 020°/38K. Before reaching target A, the aircraft will 
change course to attack target B so as to arrive at the IP of the bombing run 144 
miles, 090° from A at 0805. 

Required.—(1) Time to turn, (2) new TH, (3) new TR and GS. 

Solution (fig. 726b)—(1) Compute time to IP (0805-0600=2" 05™). 

(2) Plot 0805 NW position for 0600 TH (397 miles on TH 161°). 

(3) Plot wind effect vector for 2" 05™ (79 miles), backward (into the wind) from 
IP. This locates NW position for IP. 

(4) Join NW positions and erect a perpendicular bisector intersecting 0600 TH 
line at TP, the no-wind position of the turning point. 
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(5) Measure the distance from the 0600 DR to TP (209 miles) and compute the 
time interval (1° 06™) at TAS (190K) and the time to turn (0600+1" 0670706). 

(6) Measure TH from TP to NW position for IP (110°). 

(7) TR and GS on the new heading (120°, 195K) are found by E-10 using the 
forecast wind and the new TH. 

Note that TR and GS can also be obtained by laying off the wind from the 0706 
NW position to obtain the 0706 DR and plotting and measuring the track to the IP. 
(TR 120°, GS 195K) as shown by broken line. Note also that a close check should 
be maintained on wind conditions prior to TP, since a substantial change in wind may 
necessitate replotting the problem. 

The length of time spent on the dog-leg type of flight may also be controlled by 
a radius of action solution (ch. X). 

Allowing for letdown.—The foregoing discussion of controlled time of arrival was 
based upon the assumption that the aircraft arrived at the target at flight level. How- 
ever, for other missions the time of arrival may mean the time of touchdown at the 
destination. In this case, only the descent data can be computed, since it is not possible 
to know exactly how long the aircraft may be kept circling in the traffic pattern. 

727. The running log.—A log should be kept on every operational flight, for a 
number of reasons, including: 

(1) It is required of military navigators, and is recommended practice for all 
flight navigators. 
(2) It is the complete record from which the entire flight can be reconstructed. 
(3) It is the basis for another crew member to continue the navigation if the 
regular navigator is incapacitated or needs relief on long flights. 
(4) It furnishes documentary evidence which is acceptable in civil and mili- 
tary courts. 
(5) It is used in post-flight analysis as a basis for: 
(a) Weather forecasts. 
(b) Position spotting in photographic and survey work. 
(c) Planning future operations. 
(d) Record of enemy positions and movements. 
(6) It is evidence of the navigator’s ability and consistent reliability. 
(7) It aids in evaluating engine performance and fuel consumption data and 

construction of range control charts (ch. XIV). 

Many different log forms are now in use. The one shown in figure 727 is the 
Navigator’s Flight Log used by the Military Air Transport Service. It is a log of the 
flight planned in chapter XIV (see fig. 1403). 

728. Notes on log keeping.—(1) Every entry should be legible. Printed letters 
are neater and easier to read than script. 

(2) No erasures of any sort should be made. If a correction is to be made, cross 
out the original entry and above it enter the correct information. Remember this is a 
legal document. | 

(3) The time of each event should be logged. Greenwich Mean Time (GMT) 
and date are generally used. 

(4) Accepted standard abbreviations should be used wherever possible, to con- 
serve space. 

(5) Do not repeat an entry all the way down a column without a good reason for 
doing so. 
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FIGURE 727.—Navigator’s flight log. 
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(6) The Remarks column should be used to record or further describe any relevant 
observation for which no space is provided. However, it is the usual practice to 
record celestial, radio, radar, loran, and pressure pattern data in the space provided on 
the back of the navigator’s flight log or on separate forms (fig. 2011). 


Problems 


707a. Given.—At 0910 an aircraft departs from point A at L 27°40’ N, » 117°30’ 
W for point B at L 29°46’ N, \ 115°37’ W, TAS 140K, WV 170°/30K. 

Required.—(1) TC, (2) dist., (3) TH, (4) PDA, (5) GS, (6) 1000 DR, (7) ETA 
at point B. 

Answers.—(1) TC 038°, (2) dist. 161 mi., (3) TH 047°, (4) PDA 9° L, (5) GS 158K, 
(6) 1000 DR L 29°24’ N, d 115°57’ W, (7) ETA 1011. 

707b. Given.—An aircraft takes departure at 0730 over Base A (L 29°27’ N, 
» 85°14’ E), TH 070°, TAS 150K, forecast wind 280°/22K. At 0812 AH to TH 134°. 
At 0838 AH to TH 250°. At 0933 AH to return to Base A. 

Required.—The following information: 


Answers 
(1) TR (0730-0812)_______.__---_ 2 ee 074° 
(2) GS (0730-0812)___.__-________-____-- 169K 
(3) 0812 Diao acctecs ecco usa des eeued L 30°00’ N, A 87°24’ E 
(4) 0819 T Rieu diet ae cce Oe teeemiertene 130° 
(0) O81 2 Gr sak ia ek Bete See as de 168K 


(6) 0830 DR by bearing and distance from TB 030°, D 102 mi. 
Base B at L 28°00’ N, A 87°10’ E 


(7) 0838 DR .2 cet eee err oe Goes L 29°13’ N, \ 88°27’ E 
3) ep Of 18 ko Gd Ol ¢ Gem ge ae Eee es 245° 
(9) 0838 Go ccce set eee eet juiee ot 131K 

(10) 0933 DR_.___..._...__...__.-_._._-- L 28°23’ N, 4 86°25’ E 
(11) TH to Base A__________-_2 22 -e- 311° 

CD) le ape wee yt eed es ede cet cet 5° R 

CU) the ety teh a Nae cree iees 1013.5 

(14) 1000 DR by bearing and distance from TB 309°, D 106 mi. 

Base B 
722. Given.— 

POMt ROGCl scene ee eee kee andes L 30°00’ S, A 155°03’ EB 
POM t SUChr ais etice eee caede see scdad L 29°00’ S, 2» 157°00’ E 
Point: Pare. 26260%ee5 see ete eeseeie oe L 27°30’ S, 2 155°00’ E 


At 1510 an aircraft departs from Point Roger on heading NW for Point Sugar, TAS 
125K. 
The following log is kept: 


Time Remarks 

1518 Original TH OD 6° R 

1522 Turn 60° left OD 3° Liwind star 
1526 Turn 120° right OD 7° R 

1530 Original TH 

1535 AH for Point Sugar 

1540 DA as predicted 


1610 DA as predicted 
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Three minutes before ETA at Point Sugar, drift is observed to be 1° L. When 
over Point Sugar, AH to precomputed heading for Point Tare. Three minutes after 
turn, on precomputed heading, OD 13° L. Since drift has changed, AH at 1650 
for Point Tare. 

Compass Deviation 


| 














| 
For |MH 000° 090°|120°| 150° 180°|210°|240°|270° 300°'330° 


ce | ee 


Steer | CH 354° 


030° 060" 






































}026°)059° 090° 122° 154° 





183/214 |241" (270: 298°|326° 





Mean variation 10° E. 


Required.— 
Answers 

C1) Orem) CAs es ec oe eas 048° 
(2) 022 Cr eerie ee ee ee 345° 
(Es Be 51a) ©) Cee een ene one tare a ete een ea 111° 
4 WING ti ct ee eet a ee oe 017°/17K 
(5) 15835 DR__.______________-_-_-._--- L, 29°45’ S, X 155°44’ E 
(6) Revised CH to Point Sugar_____....... 039° 
(7) Precomputed CH to Point Tare__-__-__- 305° 
(8) ETA Point Sugar___...-_...-.--_---- 1618 
(9) Wind on turn_._____._--____-_-----_-- 056°/31K 

(10) IGG DR tonsa tae eee aetche L 28°20’ S, » 155°55’ E 


(11) Revised CH to Point Tare___________- 318° 
(12) ETA at Point Tare__._____.________- 1723 


CHAPTER VIII 
VISUAL FLIGHT PLANNING AND PROCEDURE 


Planning 


801. The flight plan has been given introductory discussion in articles 522 and 
525, and articles 701-706. It can now be considered in more detail. 

There are, in general, two types of conditions under which aircraft operate. If 
weather conditions are such that visibility and the height and character of the clouds 
exceed minimums established by the Federal Aviation Agency (FAA), Visual-Flight 
Rules (VFR) apply. Flights conforming to these rules are called VFR flights, 
and weather conditions equal to or better than the minimums prescribed for VFR 
flights are called VFR conditions. Instrument Flight Rules (IFR) apply when weather 
conditions are worse than VFR minimums, flights conforming to these rules are called 
IFR flights, and the corresponding weather conditions are called IFR conditions. 
Weather minimums for VFR flight in the United States are similar to those recom- 
mended by the International Civil Aviation Organization (ICAO). 

Suppose that the pilot-navigator of a light aircraft is to fly VFR from Boeing 
Field, Seattle, to Geiger Field, Spokane, and return, stopping at Yakima Airport on 
the return trip (fig. 802). Departure is scheduled from Bocing at 0800 and from 
Geiger at 1600. Thestop at Yakima will require 30 minutes, including taxiing and the 
pretake-off warm-up. The aircraft cruises at 125-130K (calibrated air speed), climbs at 
CAS 102K, and has fuel for 4 hours plusa reserve. The service ceiling (the altitude at 
which loss of efficiency becomes excessive) at take-off loading is 9,000 feet. Air speed 
and altimeter calibration errors are zero. Compass deviation is as shown in figure 410c. 
Temperature and pressure are, for convenience, assumed to be standard. Upper 
air winds are as follows: 

Altitude Direction Speed 


1, 000 265 5 
2,000 270 8 
3, 000 273 11 
4, 000 282 16 
5, 000 290 24 
6, 000 300 30 
7, 000 300 35 
8, 000 300 37 
9, 000 300 40 
10, 000 300 42 


Visibility over the mountains is reported to be good, and there are no clouds. The 
same conditions are forecast for the return trip. 

802.—Selecting the route.—Figure 802 is an example of a portion of an aero- 
nautical chart (Seattle to Spokane) which shows the area involved. The straight-line 
course from Boeing Field to Geiger Field is 087°, distance 195 miles. This would be 
the shortest route, but an examination of the chart shows elevations of 7,986 feet, 
8,520 feet, and 9,470 feet within a few miles of the course line, and 5,600 feet about 
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30 miles from the departure point. Mt. Rainier (14,408 feet) is only about 40 miles 
to the south. To fly this route safely, clearing all elevations by at least 1,000 feet, 
requires a climb to 10,500 feet of which 7,000 feet is within 30 miles of take-off. 
This is higher than the service ceiling of the aircraft. More clearance than 1,000 
feet is desirable to allow for possible downdrafts during @ wind shift (art. 620). A 
minimum clearance of 2,000 feet is required under instrument conditions in designated 
mountainous areas. Even if the absolute ceiling of the aircraft (the greatest height 
at which it can maintain level flight) is sufficiently high, flight above the service ceiling 
is inefficient. Ceiling will increase somewhat as fuel is consumed, but the mountains 
will be encountered too soon to expect much help from this source. That part of the 
direct route between Snoqualmie and the Columbia River is over rugged and inhospi- 
table terrain on which emergency landing would be dangerous. Beyond the mountains, 
a caution area further adds to the undesirability of this route. 

Since aircraft used in any but local flights usually carry radio equipment capable 
of receiving at least the low frequency radio range signals, a logical consideration is 
the availability of radio facilities along the route. Many cross-country navigators 
place prime and perhaps excessive reliance on such aids. However, since this chapter 
is concerned with visual navigation, the radio facilities shown on the chart are here 
disregarded even though they would undoubtedly be of considerable use on such a 
flight. 

The civil airways of the United States, extending approximately 72,000 miles 
(1954), have been used for many years and offer practicable routes between important 
cities. Their use should be considered in planning any cross-country flight. Exam- 
ination of the Green 2 airway reveals a satisfactory route. The highest spot elevation 
charted within the airway is 5,480 feet, but several spots above 6,000 fect are near the 
boundary of the airway between Seattle and Ellensburg, from which Green 2 continues 
direct to Spokane over relatively low and generally level terrain. 

For the return trip, the direct route from Spokane to Yakima crosses two danger 
areas and an airspace reservation, and therefore is not available. A satisfactory route 
is via the airways, Green 2 to Ellensburg and Blue 12 to Yakima. Toreturn to Seattle, 
avoiding Mt. Rainier, the most satisfactory route is via airway Blue 12 to Ellensburg 
and airway Green 2 to Seattle, provided VFR conditions prevail over the mountains. 

803. Preparation of flight plan.—The route having been decided, the flight plan 
for the outbound trip is then prepared, as indicated in figure 803. A similar plan for 
the return trip should be prepared at Geiger Field shortly before take-off at 1600, in 
order to utilize the latest weather predictions. Appropriate data for the first leg is 
derived as follows, other legs being similarly determined. 

(1) Enter the following known data: 

Time: Scheduled departure, 0800. 
CAS, IAS: Calibrated air speed, 102 K for climb, 125K for remainder of leg. 
Since air-speed indicator calibration error 1s zero, [AS is also 102K and 125K. 

(2) Measure course and distance for the leg. The projection of the chart used for 
planning is Lambert conformal. The TC (112°) is therefore measured at the meridian 
nearest the midpoint of the leg, or at \121°30’ W. The measured distance is 78 nautical 
miles. 

(3) Determine flight altitude for the leg. Examination of the chart shows that an 
altitude of 8,000 feet will clear all known obstructions with ample margin. However, 
visual flight rules require flight altitude to be an odd thousand plus 500 feet if the 
magnetic course is from 090° to 179°. Therefore, 9,500 feet is selected. 
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(4) On the first line, enterthe mean temperature during climb (5° from table 
415a). The mean pressure altitude in climb to 9,500 feet is approximately 5,000 feet, 
since atmospheric conditions are standard. 

(5) With E-10 computer or equivalent compute TAS (110K) at mean altitude in 
climb (art. 433) noting that pressure altitude is the same as calibrated altitude under 
standard conditions. 

(6) Compute mean wind in climb (art. 712) (294°/22K). 

(7) Compute TH (112°), PGS (132K), and drift (0°) for the mean wind. 

(8) From the chart it is seen that the average variation for the leg 1s 22° E. Sub- 
tracting this from 112°, the MH is found to be 090°. Enter these values in the form. 
From figure 410c the corresponding CH is found to be 096° (not shown on this form). 

(9) The time required to climb to 9,500 feet at 850 feet per minute is 11™, making 
the arrival time at level-off position 0800+11™=0811. Enter this on the form. In 
this time, the distance covered is 24 miles at PGS 132K. 

(10) Enter the appropriate comment in the remarks column. 

(11) Compute data for cruise at 9,500 feet. The pressure altitude is 9,500 feet, 
temperature (—) 4° C (table 415a), from which TAS (144K) is found. Using predicted 
wind at 9,500 feet (300°/42K), find GS (186K), TH (110°), drift (2° R), MH (088°), 
and CH (094°). The distance from Seattle to Ellensburg is 78 miles, of which 24 miles 
are covered during climb. The remaining 54 miles takes 17™ at GS 186K, so that ETA 
at Ellensburg is 0828. 

Data for the other legs are computed in a similar manner. Note that courses are 
measured at the meridian nearest the midpoint of each leg. See article 515. Note 
also that the minimum altitude is 7,000 feet between Ellensburg and Ephrata. Air 
Route Traffic Control (ARTC) assigns cruising altitudes for specific flights after a flight 
plan has been filed, but for planning purposes, the IFR minimum en route altitudes 
can be used for flights along the airways. 

The flight plan for the outbound trip shown in figure 803 is worked out in considerably 
more detail than is customary in practice in order to introduce during a VFR flight some 
of the factors to be discussed more fully in chapter XIV, Cruise Control. Preparation 
of a similar plan for the return flight will provide practice to the student. Note the 
effect of changes in altitude upon air speed and hence upon heading and ground speed. 

804. Check points.—The pilot-navigator of a light aircraft has neither the time 
nor facilities for maintaining a complete running log. Nevertheless, it is important 
that he keep some record. ‘To facilitate this work he selects, before take-off, a number 
of check points (art. 312) along the route, measures the distance, and computes the 
flight time between them, using the PGS of his flight plan. These points are marked 
on the chart, numbered consecutively, and labeled as shown !n figure 802. Lines are 
labeled on the right in the direction of flight. When practicable, check points should 
not be more than 10™ to 15™ apart, or even closer when the wind is variable or the 
navigator inexperienced. Note that the times shown on the chart are the times 
between check points, not the total time from take-off. Thus, the time (8™) at point 2 
indicates that the distance (24 mi.) between 1 and 2 will be covered in 8™if PGS 186K 
is correct. If 9™ are required, actual GS is only 160K, and a change of wind is indicated. 

Careful selection, labeling, and use of check points supplies the pilot-navigator 
with continuing confirmation of his track or prompt indication that a change in track 
or ground specd has occurred. 

Essential data about check points may be listed on a form (fig. 804) which makes 
provision for brief notes to be added during flight. Some forms are carried on a knee 
pad for the convenience of the pilot-navigator of a single-seated aircraft. Navigators 
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FicureE 804.—Check point form. 


of large aircraft record complete data on the flight in the running log, as described in 
article 727. Further discussion of flight planning and procedure is contained in chapter 
XIV, Cruise Control. 


In-Flight Procedure 


805. Use of check points.—Since the flight plan is based upon various predictions, 
it should not be assumed to be a completely accurate account of the actual flight. 
The greatest element of uncertainty is the wind, which directly affects the track and 
ground speed, and hence the time of arrival. Good navigation requires frequent or 
continual check on the accuracy of the flight plan. This is the primary function of 
check points. 

Arrival over check points at anticipated times is a confirmation of the accuracy 
of the wind prediction, and indicates reliability of the predicted track, ground speed, 
and time of arrival. If check points are crossed, but not at the predicted times, the 
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ground speed is in error. If the aircraft passes near but not over a check point, the 
track is not as anticipated. 

The prudent navigator is alert to observe and evaluate the differences between 
predictions and the actualities of the flight. He does not ignore even small variations 
from anticipated performance, for these are the factors that influence his future judg- 
ment. Small errors can become cumulative and may eventually result in the aircraft 
becoming lost, a situation more easily experienced than beginners anticipate! 

If the track is in error, a change in heading is indicated. Small errors in ground 
speed can be corrected by changes in air speed. With some experience such changes 
can be made by estimate, with considerable accuracy. The beginner, however, should 
guard against 8 common tendency to overcorrect. It is generally best to apply cor- 
rections that are expected to bring the aircraft directly over the next check point, 
making any further adjustments needed at that time. 

Large errors or any element of uncertainty should be corrected by computation. 
If two pinpoint fixes can be obtained, and if the time between them, the heading, and 
the true air speed are accurately known, the average wind encountered can be deter- 
mined. In the absence of two such pinpoints, or in the event that indications suggest 
a recent change in wind, present wind can be determined by double drift, or information 
on the change may be available by radio. Drift can be determined by pointing the 
nose of the aircraft along a straight highway or railroad (see fig. 902), noting the 
compass heading, and then finding the CH required to maintain position above the line. 
The drift angle is the difference between these two headings. The new wind informa- 
tion provides a basis for correcting the flight plan. In general, changes in air speed 
and heading to maintain the original time schedule are preferable to changes in the 
schedule, unless excessive speed is needed. Since wind determinations and compu- 
tations are time-consuming and not always practicable in a small aircraft, the ability to 
make accurate estimates of corrections is a valuable asset one would do well to develop. 

In visual flight, as in the other forms of navigation, an accurate time record is 
essential to safety and accuracy. Not only is time involved in determining ETA’s, 
wind, and ground speed, but without it the identification of landmarks can be dis- 
couragingly difficult. Mountains, streams, towns, airports, and other check points can 
look distressingly alike unless one can narrow his possible choices to a small number 
that can be examined critically. The very least that the pilot-navigator of a one-place 
aircraft should do is to record the time of passing known landmarks. This can be done 
directly on the chart or on a previously prepared form. It is good practice for a pilot- 
navigator in solo, cross-country flight to keep a simple but systematic record of ground 
speed, track, heading, air speed, altitude, and time. Of these, time is the most 
essential. 

806. Departures from flight plan.—Because of weather or other considerations, 
alteration of the flight plan is sometimes advisable. If an accurate record of the flight 
has been kept, no difficulty should be encountered in making a change, even on short 
notice. If a change of course is involved, it is made at an identified landmark pro- 
viding a good position, when convenient. In the absence of any such fix, a DR or air 
plot is run forward from the last known position and the new course or heading is 
plotted from the DR or air position thus determined. There is usually time to deter- 
mine the heading for a desired course before the turn is made, but when this cannot be 
done, record the time of turn and the new heading. This information may be valuable 
to a later determination of position if recognizable landmarks are not available. 

If it is impracticable to return to the original course, the preselected check points 
cannot be used, and the navigator must rely upon dead reckoning and chart reading in 
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the absence of radio guidance. Knowing his heading and air speed and perhaps his 
track and ground speed, he plots an air or dead reckoning position for a time some 
minutes ahead, selects from the chart a landmark which he expects to be visible at that 
point, and starts looking for it. When it is passed, the track is again extended, making 
any corrections indicated by the information supplied by the new fix. Thus, in visual 
navigation, without preselected check points, the procedure should be: first, plot a 
DR or NW position; second, sclect from the chart a landmark which should be visible 
from that position; and third, look for the selected object. 

The reverse process of attempting to locate a position by seeing a prominent ob- 
ject and trying to find it on the chart is dangerous. Suppose, for example, that during 
the flight from Seattle to Spokane the aircraft encounters weather less than VFR 
minimum and is compelled to detour to the southward shortly after passing the check 
point No. 5 at Ephrata (fig. 802). The right turn is made over Odessa. The navigator 
does not record his new heading, but about 3™ later passes over a town which he believes 
to be Ritzville. Extending his track from Ritzville, he expects to find Lacrosse in 
about 5™. If he does not find it, he may become confused and possibly lost due to his 
inability to reconcile observed landmarks with the chart. This situation would not 
occur if a no-wind or DR position were plotted and ground confirmation of the chart 
sought rather than chart confirmation of the ground. Thus, if the aircraft had flown 
on CH 157° (TH 175°) TAS 145K, an air plot (art. 709) would indicate the approxi- 
mate position, and it would have been reasonably certain that the town sighted was 
Lind instead of Ritzville. This establishes a quite different track than that assumed, 
and the sighting of the Snake River a few minutes later would be anticipated. 

807. Circle of uncertainty.—If an aircraft flies its predicted track at the pre- 
dicted ground speed, a fix obtained at any time coincides with the dead reckoning 
position for the same time. If they do not agree, one or more of the many variables 
has been incorrectly appraised or applied. Since dead reckoning positions seldom do 
check exactly with fixes, an element of uncertainty surrounds the accuracy of a dead 
reckoning position standing alone. The amount of uncertainty depends upon many 
factors, and several techniques have been suggested to determine the value to use. 
Most suggestions are based upon principles of mathematical probability and various 
somewhat arbitrary assumptions. The beginner may well adopt some arbitrary rule, 
but only until judgment based upon experience in comparing his dead reckoning 
positions with fixes indicates a better procedure. 

The probable error of a dead reckoning position is a function primarily of the dura- 
tion of flight since the last fix, although the distance (a function of speed) is involved to 
a lesser extent. For any given type of aircraft, having a limited speed range, the 
amount of uncertainty can be stated either as a percentage of the distance flown, or as a 
certain number of miles per hour, or a combination of the two. A general rule ap- 
plicable to about 90% of the cases at all speeds might be to assume 20 miles for each 
hour, plus 1% of the distance. At 100 knots, the error would be 21 miles per hour or 
21% of the distance from the previous fix; at 200 knots it would be 22 miles per hour, 
or 11%; and at 400 knots it would be 24 miles per hour, or 6%. With considerable 
experience or when additional information is available, a smaller uncertainty may be 
expected. Whatever the figure accepted, it means that the aircraft is probably some- 
where within a circle of uncertainty centered on the dead reckoning or estimated 
position, and having a radius equal to the number of miles selected as the realistic 
amount by which the dead reckoning position may be in error. In about half the 
instances it should be within a circle having a radius of one-third that used for the circle 
of uncertainty. 
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FicureE 807.—A circle of uncertainty. 


Thus, in figure 807 a navigator at 1022 obtains a pinpoint fix at A, through a hole 
in the undercast. Thirty minutes later, after having flown on course 270° at a pre- 
dicted ground speed of 220 knots, the aircraft’s dead reckoning position is at B. The 
navigator estimates that his probable error should not exceed approximately 10% 
(10 miles + 1%) of the distance flown, or 11 miles. Hence, the circle of uncertainty 
is drawn, as shown with B as its center and a radius of 11 miles. 

As indicated above, any information, however incomplete, that may be used to 
reduce the radius of the circle of uncertainty should be utilized. Also, the area of 
uncertainty is not always a circle. If the direction of motion is known with con- 
siderable accuracy but the ground speed is uncertain, the area of uncertainty extends 
a greater distance along the course line than across it. The reverse 1s true if less un- 
certainty surrounds the ground speed than the track. If the aircraft crosses a coast 
line, river, railroad, etc., which can be identified, but not the part encountered, or if 
any other single line of position is available, the uncertainty extends along a single line. 

808. Lost procedure.—When relying upon visual navigation, a navigator is lost 
when he is unable to identify a landmark at a time when he believes it should be 
visible. It is probable that all experienced navigators have at some time been lost 
even if only momentarily. Ordinarily the situation becomes clarified within a matter 
of minutes or even seconds, but it is essential that the navigator first recognize that he 
is lost. He should then consciously apply appropriate procedures instead of wandering 
aimlessly and impulsively, perhaps in a state of panic. 

In the United States and in many other areas of the world, the abundance of 
ground radio and radar facilities minimizes the consequences of becoming lost. 
Elaborate Search and Rescue Services (SAR) are maintained in the United States by 
the Navy, Air Force, and Coast Guard; and in Canada by the Royal Canadian Air 
Force. Procedures for alerting these services are contained in Supplementary Flight 
Information Document (SFID), North American Area (see app. A) with which all pilots 
should be familiar. Since this chapter is concerned with visual navigation, the air- 
craft’s radio is assumed to be inoperative. SAR services provide for this contingency 
as fully explained in SFID. If only a radio receiver is available, tune it to the specified 
emergency frequencies, and fly at least two triangular patterns to the right, with two- 
minute legs and one-half standard rate right turns of 120°. If no radio is available in 
the aircraft, fly similar patterns fo the left. 

Correct procedures when lost depend, of course, upon the particular situation. 
However, a few general rules can be suggested. 

1. Continue to fly the same heading. The fact that one is involved in a “Jost” 
situation is of itself no justification for changing a heading which previously had been 
found satisfactory. It is sometimes advisable to reduce speed and/or altitude so as 
to examine visible objects and their relationship to each other more fully. There are 
exceptions to this rule, as when an aircraft is flying roughly parallel to a coast line or 
river and a change of heading will bring the aircraft, within a few minutes, over a 
prominent line with distinctive markings. 
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2. Plot or visualize a circle of uncertainty (art. 807) for a time a few minutes ahead. 

3. Select the most prominent landmarks shown within the circle and start looking 
for them on the ground upon entering the circle of uncertainty. Thus, referring to 
figure 807, the search for the expected landmarks should start on the edge of the circle; 
that is, 3" (11 miles at 220 knots) before the time selected for the circle of uncertainty. 

Usually, the circle of visibility is larger than the circle of uncertainty, so that all 
objects within the area of uncertainty should be visible and some object on the ground 
can soon be recognized and a course to destination established by normal methods. 
If a thorough search of the ground reveals none of the landmarks whose symbols 
appear within the circle of uncertainty, a new and larger circle can be projected for a 
new time and searched as before. Continuation of this process eventually leads to 
the situation in which the circle of visibility is less than the circle of uncertainty. In 
this case other procedures should be initiated, as indicated below. 

In recovering from a lost situation, positive identification should be made of the 
sighted landmark which establishes the link between the chart and the ground. A 
mistake in identification could easily lead to an incorrect estimate of the situation and 
possibly to disaster. Identification is confirmed if the positions of other objects fall 
into a pattern recognizable on the chart. 

When the circle of visibility is believed to be smaller than the circle of uncertainty, 
the probability of finding a recognized landmark is reduced. A navigator in such a 
situation should attempt to reach a prominent extensive landmark such as a large 
river, & mountain range, @ coast, or a characteristic pattern of highways, railroads, 
etc., as illustrated in figure 808. A positive change of course now is made for a definite 
reason. When the landmark is intercepted, it may constitute only a single line of 
position, but this should serve as a guide to the location and identification of other 
landmarks that will serve to fix the position of the aircraft. In figure 808, a left turn along 
the railroad, or a right turn along the river should lead to a pin-point fix at the bridges. 

If no suitable landmark is readily available for interception, and no ground object 
is recognized, the navigator has three possible courses of action. He can (1) try to 
associate some object or group of objects seen on the ground with the chart, or (2) 
reverse course and attempt to regain familiar territory, or (3) abandon the attempt to 
find his position and commence a search for a place to land. If the first choice proves 
unsuccessful, the attempt to return to base may be the only alternative left if he is 
over inhospitable terrain. Article 1013 describes a graphical solution for finding the 
heading fur reciprocal course assuming drift 1s known. Unless the wind speed is high 
in relation to the air speed, an approximate solution can be made by adding or sub- 
tracting 180° to present heading and applying turce the drift angle in the same direction 
as the drift before the turn; that is, adding if present drift is to the right and subtracting 
if present drift is to the left. 

Example.—A navigator flying on TH 238° finds drift to be 8° right. 

Required—The TH to make good a reciprocal track. 





Solution.—TH 238° 
(—) 180° 

~ 58° 

Doubled drift (+) 16° 

TH 074° 


When this method is used, reliance should not be placed upon predicted drift from the 
flight plan, for it may be incorrect, particularly in view of the fact that the aircraft 
is lost. See article 805. 


VISUAL FLIGHT PLANNING AND PROCEDURE 187 





Ficure 808.—A characteristic pattern of surface features. 


809. Low-level flight is occasionally required in either military or civil aviation. 
On such a flight, the navigator encounters additional difficulties. Accurate drift 
observations are hampered by the speed with which the ground seems to rush by’ 
Rough air due to turbulence and thermal convection currents increases the difficulty 
of instrument observation. The circle of visibility is reduced and those objects that 
are observable disappear so rapidly that only the boldest outlines and most conspicuous 
patterns can be recognized. 

In this type of navigation preflight planning is especially important, as there is 
little time for inflight computations. The course is laid out to take full advantage of 
prominent check points. It is sometimes desirable to draw drift lines 5° on each side 
of the course line at a change of course, to assist the navigators in estimating drift. 

A prominent landmark such as a high mountain peak or a tower may provide 
convenient heading references if ahead of the aircraft. Sometimes a coastline, river, 
highway, or railroad can be followed, but a navigator should be prepared to make the 
right choice if he comes to a division. The sun or moon may be useful as an approxi- 
mate guide for a short time. 

In low-level flight one should be particularly alert to possible danger from obstruc- 
tions. Hills and mountains are easily avoided if the visibility is good. Radio and 
television masts which may extend as much as 1,000 feet or even more into the air, 
often from elevated ground, are less conspicuous. All such obstructions may not be 


shown on the aeronautical charts being used. 
691-651°—63——13 
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CHAPTER IX 
LINES OF POSITION, BEARINGS, AND FIXES 


901. Introduction.—It was previously stated that dead reckoning is fundamental 
to all navigation. Being based solely upon time, speed, and direction, DR positions 
are the foundations of navigation. The skill of the navigator depends upon his ability 
to measure, interpret, correct, and translate these data into usable and reliable infor- 
mation. Dead reckoning is seldom exact and the longer dead reckoning is carried 
from a fix, the less reliable it becomes. Individually small errors accumulate until 
the total error becomes dangerously large. 

To keep the total error at a minimum, a competent navigator employs every 
available means of finding his actual position in relation to the ground. In flights 
over land, with suitable visibility, an air navigator can frequently identify his position 
by means of recognizable landmarks. An accurate position determined without 
reference to any former position is called a fix. 

If a fix is well defined, the navigator knows his position as precisely as at the 
time he took off. Such a fix serves as a new point of departure, canceling all previous 
errors in DR, and _ becoming 
, the origin of a new DR plot. 
os ab : A series of fixes improves the 
Sef ht We he td —  aeeuracy of later DR’s by giving 
és +433 better information concerning 
a eis al a the TR, GS, and wind. 

—- =F 902. Lines of position.—A 

navigator often has definite but 
incomplete evidence as to his 
position, without knowing pre- 
cisely where he is. For exam- 
ple, he might recognize a river 
crossed in flight, without know- 
ing exactly where the crossing 
was made. He then has a def- 
inite clue to his position, but 
does not have a fix. A fix is a 
point, the river isa line. A line 
indicating a series of possible 
positions of an aircraft is called 
a line of position (LOP). 

If a navigator can identify 
his position along an LOP, he 
then has a fix. Suppose an air 
navigator is flying above a rail- 
road (fig. 902). Even if he does 


position if identifiable. If they cross, a fix can be not have his exact Rosny along 
obtained. the railroad, he has a visual LOP. 
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Fiagure 902.—A railroad andariver. Each provides a line of 
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He is somewhere along thisline. Suppose now that he sees the railroad cross a river 
below the aircraft. He will then know exactly his position on the railroad and the 
river, and thus have a fix. Thus, two LOP’s intersecting at acommon time establish a fix. 

903. Line of position by bearings.——A common method of determining a line of 
position is to establish the direction of the line of sight to a known, fixed, object by 
means of a driftmeter, astro compass, or pelorus. Figure 903 shows a line of sight from 
the aircraft to a fixed object on the ground. The direction of the line of sight is the 
bearing of the object from the aircraft. A line plotted in the reciprocal direction from 
the position of the object is a line of position. At the time of observation the aircraft 
must have been on the line of position; otherwise the bearing would have been different. 
A bearing is a locus of possible positions of the aircraft. 


N 


. 





1» NY 


ae 


VS 


Ficure 903.—A bearing line is a line of position along which the aircraft is located. 


904. Relative bearings.—-As shown in article 107, a relative bearing is the angle 
between the fore-and-aft axis of the aircraft and the line of sight to the object, always 
measured clockwise from 000° at the nose of the aircraft through 360°. In figure 904 
the relative bearings of three objects are shown as 090°, 150°, and 345°. Before 
relative bearings are plotted, they should be converted to true bearings by adding to 
them the momentary true heading of the aircraft when the bearings were taken, dropping 
360° when the sum exceeds this amount. Thus: 


TB=RB+TH 
Where: 
TB is the true bearing, 
RB is the relative bearing, and 
TH is the true heading. 


Assuming the aircraft to be on true heading 045° when the bearings were taken, the 
corresponding true bearings are 135°, 195°, and 030°. 


190 LINES OF POSITION, BEARINGS, AND FIXES 





FicurE 904.—A true bearing may be obtained by adding the true heading to a relative bearing. 


905. Use of the LOP’s.—A fix gives definite information as to both the track and 
the ground speed of an aircraft since the last fix, but a single LOP can define either 
the track or the ground speed, not both. [t may not define either. The evidence 
obtained from an LOP depends upon the angle at which 
it intersects the track, and LOP’s are sometimes classified 
according to this angle. 

906. Course line.—An LOP which is parallel or 
nearly parallel to the course is called a course line. It 
gives information as to possible locations of the aircraft 
TDO8OOLSA laterally in relation to the course; that is, whether it is to 
the right or to the left. Since it does not indicate how 
far the aircraft is along the TR, no speed information is 
provided. 

In figure 906 an aircraft departs from a fix at 0800 on TC 045°. At 0900 the 
navigator obtains an LOP parallel to his course line. The LOP shows the aircaft 
to be to the left of the TC, but gives no information as to how far it has traveled 
since departure. Note that both the line labeled TC and that labeled 0900 LOP are 
called course lines. In the case of the LOP the expression is short for course line of 
position. 





FicureE 906.—Line of position 
(course line). 
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907. Speed line.—An LOP which is perpendicular or nearly so to the TR is called 
a speed line, since it indicates how far the aircraft has traveled along the track, and 
thus is a measure of ground speed. It does not indicate whether the aircraft is to the 
right or the left of the course. If 
the LOP is a perfect speed line, one 
intersecting the TR at 90°, it makes 
little difference whether the distance 
flown is measured along the TR or 
TC. The distance and GS derived 
from it will be nearly the same (fig. 
907 (a)). However, when a speed 
line intersects the TR at an angle of 
less than 90°, an accurate GS is ob- 
tained only if distance is measured 
along the TR (fig. 907 (6)). 

908. The estimated position.— A 
position determined from incomplete 
data or data of questionable accuracy 
is called an estimated position (EP). 
This is less reliable than a fix, but (} 
more reliable than a DR. When a Figure 907.—Ground speed is measured along the track 
DR is the best position, it 7s an esti- to a speed line. 
mated position, but the expression 
is customarily applied only to a position determined as an improvement on a DR, 
but less exact than a fix. 

In the establishment of an estimated position all information available is carefully 
evaluated. The most frequent use of the EP arises when a single LOP is available. 
If the only other pertinent in- 
formation is a DR, the EP is 
found by dropping a perpendic- 
ular from the DR to the line of 
position, as shown in figure 908a. 
However, the navigator some- 
times has additional information 
which permits him to make a 
better estimate. If a series of 
drift observations or other infor- 
mation indicates that he has been 
making good his course, but his 


Figure 908a.—An estimated position is the point on a ground speed is somewhat in Laced 


line of position nearest to the corresponding DR posi- tion, he may prefer to use the 
tion if no better information is available. intersection of his course line 


and the line of position as the 
EP (fig. 908b). If the ground speed is considered reliable but the track is question- 
able, a situation that might arise shortly after a speed line has been established, he 
may prefer to swing an arc with the previous fix as the center and the distance flown 
as the radius, and use the intersection of this arc and the LOP as the EP (fig. 908c). 
If the ground speed and track information are considered equally reliable, he may 
establish his EP half way between that found by considering each of these elements 
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completely reliable and the other unreliable (fig. 90Sd), or he may wish to give more 
weight to one than to the other. If the LOP is considered accurate, the EP must be on 
this line, but the exact location of it along the line is a matter of judgment based 
upon all the information available and the experience 
of the navigator. If the LOP, track, and GS are all 
equally reliable, a situation which may arise in celestial 
navigation, the center of the figure formed may be con- 
sidered the EP (fig. 908e). 

Thus, the EP is the best estimate of the position 
PieGaNGosii—Eecinaied BoGon of the aircraft at the time indicated. It is sometimes 

with reliable course and ques- C@lled the most probable position. Although it is 
tionable ground speed. generally associated with a single line of position, it 
may be determined by means of any information 

available that permits a better estimate than the DR. A position obtained by means 
of lines of position of questionable accuracy might appropriately be considered an 
EP and so labeled, to remind the navigator that the position indicated is the best avail- 
able, but not of sufficient ac- 
curacy to be considered a fix. /4 ROM US *Cist since 

Since an EP is an im- 
provement on the DR, it is 
used as a new point of depar- 
ture for the DR plot. How- 
ever, it is generally good 
practice to continue an air 
plot from the previous fix, for 
mean wind found by means 
of a NW position run up from 
an EP is not as accurate as 
onerun froma fix. However, 
in along flight with only single 
lines of position over a considerable period, it may be preferable to start an air plot 
from an EP. This, also, is a matter for judgment based upon experience. 

909. Adjusting LOP’s for a fix.—It is usually impossible for an air navigator with- 
out assistants to obtain more than one LOP at a time. Only one man can operate the 
driftmeter or pelorus and unless 
an assistant can obtain a second 
LOP simultaneously with the 
navigator, the intersection of 
the two lines does not constitute 
a fix beeause the aircraft is 
moving at high speed between 
the times of the two observa- 
tions. Ficure 909a illustrates 
a visual bearing taken on tower 
A at 1600 and a visual bearing 
taken on island Bat 1610 from 
an aircraft on course 065°, GS 
Ficure 908d.—Estimated position when ground speed and 150K. At 1600, when the first 

track information are equally reliable. bearing is taken, the aircraft is 








vious You 


FicureE 908c.— Estimated position with reliable ground speed but. 
questionable track. 
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somewhere along the 1600 line of position, and at 1610 it is somewhere along the 1610 
LOP, but the intersection of these lines at C does not constitute a fix. In order for an 
intersection to become a fix, the LOP’s must either be observed at the same instant 
or adjusted for the motion of the aircraft between the observations. The usual method 
of adjusting an LOP for the motion of 
the aircraft 1s to advance the earlier 
line. Figure 909a illustrates how this 
is done. At 1600 the aircraft is some- 
where on the 1600 line, as stated above. 
If it is at point D on the line at 1600, 
it will be at point D’ at 1610. If it 
is at point —& at 1600, it will advance 
to point £’ at 1610. No matter 
what point on the 1600 line is oc- 
cupied at 1600, at 1610 it will be some- 
where on a line parallel to the 1600 
line advanced by the distance covered 
by the aircraft in 10 minutes; in this 
case, 25 miles. This explanation gives 
point to the definition of a line of 
position as the locus of all possible 





ae /500 
positions. FIX 
The method of adjusting for the FicurE 908e.—Estimated position when LOP, track, 


motion of the aircraft between obser- and ground speed are equally reliable. 
vations is therefore to select any point 

on the 1600 line (point F on the course line is usually convenient) and step off a distance 
representing the flight of the aircraft in the time elapsed, and through point F’, draw 
a new line parallel to the first. In figure 909a, point G@’, the intersection of the 1610 
LOP and the 1600-1610 LOP, constitutes a running fix. 

A running fix, being less reliable than a 
fix obtained from simultaneous LOP’s 
because the advance of the earlier line 1s 
dependent upon track and ground speed, 
which may not be known precisely, is 
actually an EP, but is given a distinctive 
name to distinguish the method by which 
it is obtained. For short intervals the 
error is usually small, and the accuracy is 
almost equivalent to that of a fix. If 
the time between observations is more 
than a few minutes, the position is pro- 
perly called a running fix and labeled 
Ficure 909a.—Adjusting line of position to ob- “R FIX”. The limiting time between 

tain a running fix. the two 1s a matter of Judgment. 

It would have been just as accurate 
to move the 1610 LOP backward for 25 miles. In this case, the running fix is at G and 
the time of the fix is 1600, the time of the earlier line. The process of moving a line 
forward is called advancing the line, while the process of moving it backward is called 
retiring the line. The LOP can be a visual bearing as in the above illustration, 
a radio bearing, a celestial line of position, or a loran line; the same principles apply. 
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x The accuracy of a fix can sometimes be improved 
yi by the use of a little foresight. If the direction of 
motion is known more accurately than the ground 
speed, a course line, should be adjusted, for any error 
in the ground speed will have no effect upon the posi- 
tion of the adjusted line or the running fix, as shown 
in figure 909b. If, however, it is decided to adjust 
Ficure 909b.—A course line a speed line under these conditions (fig. 909c) the ac- 
advanced. curacy of the resulting running fix is in doubt. Sim- 
ilarly, if the ground speed is known more accurately 
than the track, the speed line should be adjusted to the time of the course line. The 
line which will be affected least by the information in doubt should be the one adjusted. 
Since a small error in ground speed usually has greater effect on the accuracy of a 
running fix than an error of comparable magnitude in the 
direction of motion, it is generally better practice to 
adjust a course line than a speed line. 

910. Adjustment of LOP’s by track and ground 
speed.—When the track and ground speed are accu- 
rately known, advance or retire the LOP’s to a com- 
mon time along the track by the distance flown between 
observations (fig. 909a). 

911. Adjustment of LOP’s by course and predicted 
ground speed.—When the TR and GS of the aircraft pes 900¢.—A Sasa iden de 
are not accurately known, the most reliable information tired with uncertainty as to 
available is the TC and PGS. Following similar pro- ground speed. 
cedure but substituting TC and PGS for TR and GS, 
the navigator customarily advances or retires all LOP’s to the time of the speed line. 

Example (fig. 911).— 

Given.—An aircraft is on TC 079°, PGS 160K. The 0230 DR position is as 
shown. At 0250 light XY is observed bearing 325° relative. At 0302 light Y is 
observed bearing 090° relative. At 
0306 light X is again observed, bearing 
220° relative. 

Required.—Plot and label the 0302 
running fix. 

Solution.—Plot and label the 0250 
LOP. Using TC and PGSas the best 
available information, advance the 0250 
LOP parallel to itself along the course 
line until the time of the speed line, 
0302, a distance of 30 miles (12 min. 
at 150K PGS). Label the new line 
FicurE 911.—Adjusting lines of position for a fix, With both the time of the observation 

using TC and PGS. and the time to which the line has been 

advanced. Plot and label the 0302 

speed line and the 0306 LOP. Retire the 0306 LOP parallel to itself along the course 

line for a distance of 10 miles (4 min. at 150K PGS). Plot and label the retired 0306 
LOP. Label the 0302 running fix. 

912. Adjustment of LOP’s by true headings and true air speed.—The adjustment 
of LOP’s to a common time can be accomplished as in the previous examples sub- 
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stituting the TH and TAS for the TR and GS or for the TC and PGS with a small loss 
in accuracy, if the time interval is short. This method is probably used more often 
than any other method when there is more than one change of heading between ob- 
servations. 85s 
Example (fig. 912).— Sees 
Given.—An aircraft is on TC 330°, a 
TH 335°, TAS 150K, PGS 145K. The 
1830 NW position is shown. At 1830 
the navigator observes radio station 
QRL, bearing 045° relative. At 1838 ® 
the TH is changed to 000°. At 1843 2 ae 
the navigator observes radio station CxSoPIBAENW 1848) es 
YMS bearing 120° relative. At 1848 
the TH is changed to 290°. At 1855 a 
light is observed bearing 310°, relative. 





Required.—The 1855 running fix. oui 
Solution.—See figure 912. In this We 
solution the origin of the earlier LOP’s "aioe 


(the radio stations) ae advanced along FIGURE 912.— Advancing the origin of a line of posi- 
the true heading using TAS for the al- tion is the same as advancing the line itself. 
lotted time. This procedure is simpler, 

neater, and produces the same result as plotting and advancing each LOP individually. 

913. Advancing LOP’s by time unit method.—The previous methods of advancing 
LOP’s require two factors: direction and speed. However, in case neither direction nor 
speed is known accurately, determination of the approximate position of the 
aircraft is still possible. This method can best be shown by the following examples: 

Example 1.—No change of heading between LOP’s.— An aircraft having an inaccurate 
compass leaves a 1000 fix on approximate heading 090°. Immediately after departure, 
the aircraft passes over a frontal area, after which there is reason to suspect a change 
in wind speed and direction. At 1030 an LOP is obtained. At 1040 a second LOP is 
obtained. 

Required.—Plot and label the 1040 running fix. 

Solution (fig. 913a).—(1) Plot and label the 1030 and 1040 LOP’s. 

(2) Draw any line AG, from the 1000 fix to intersect and extend beyond the 
1030 LOP. Line AG can be drawn at any angle such that the number of units, on 
any convenient scale, equals the number of minutes from the fix to the 1030 LOP. 

(3) Adjust the plotter until there are 30 units corresponding to elapsed time in 
minutes between the fix and the 1030 line of position. 

(4) Advance the 1030 LOP along the line AG the number of units equal to the time 
in minutes between LOP’s. 

The intersection of this advanced LOP with the 1040 LOP is the running fix. 

This method assumes constant ground speed since the previous fix. The extent 
to which this assumption is inaccurate is reflected in the error of the running fix. 

Example 2.—Change of heading between LOP’s.— 

Given.—An aircraft leaves a position in L 28°51’ N, \ 72°43’ W at 1830; TH 090°, 
TAS 140K, estimated WV 090°/15K. At 1845, AH to TH 120°. At 1910 a distant 
mountain at L 29°38’ N, \ 71°03’ W is sighted, bearing 016° T. At 1920 AH to TH 
045°. At 1930 a second bearing is taken on the mountain, 310°. Unknown to the 
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navigator is the fact that the compass has a constant deviation error of 10° W on all 
headings, that TAS is 10K slower than computed, and that the true wind is 165°/30K. 

Required.—The 1930 running fix. 

Solution (fig. 913b).—(1) Plot the 1830 position of the aircraft and the position of 
the mountain. 

(2) Plot the 1845 DR, using TR 090° and GS 125K computed from TH, TAS, 
and wind assumed by the navigator. 

(3) Plot the 1910 LOP, 016°. 

(4) Plot the 1910 DR; navigator’s TR 123°, GS 127K. 

(5) Plot the 1920 DR. 

(6) Plot the 1930 DR; navigator’s TR 040°, GS 130K. 

(7) Plot the 1930 LOP, 310°. 





Fictre 913a,— Advancing a line of position by the time unit method; no change of heading. 


(8) It is obvious to the navigator that his data are in error, vet he believes his 
observations are accurate and desires to advance the 1910 LOP to 1930 (20 minutes). 
Draw a line AC through the 1930 and 1910 DR positions, C and B, and of such length 
that AB: BC=40™: 20. 

(9) Adjust a plotter so that there are 40 units between point A and the 1910 LOP 
(point D). 

(10) Locate point EZ, 20 units beyond D. 

(11) Draw the advanced LOP through E. 

The intersection of the two LOP’s is the 1930 running fix. 

Answer.—1930 fix L 29°21’ N, A 70°39’ W. 
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Ficur_e 913b.— Advancing a line of position by time unit method; with heading changes between fixes. 


For comparison, the correct DR plot using the correct values for TH, TAS, and 
wind is shown in the figure. 

914. The single line approach.—A navigator in endeavoring to arrive at his 
destination may have only one LOP available. Intelligent interpretation and use of 
a single LOP can sometimes guide a competent navigator almost as accurately as a 
series of fixes. The usual method of doing this is called single line approach (SLA). 

As previously pointed out, LOP’s may be course lines or speed lines, or a com- 
bination of both if they intersect the TR at an intermediate angle. When a navigator 
is trying to reach a specific objective, course lines are much morc helpful than speed 
lines. If the LOP’s were all perfect course lines, passing through the destination, 1t 
would be comparatively easy to reach the destination, but perfect course lines are not 
always available. Usually, the LOP’s intersect the TR obliquely. The solution is to 
fly a course parallel to the LOP’s. 
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Although the same principle applies to all SLA’s, there are variations in the pro- 
cedure. The procedure depends upon whether the LOP’s are more nearly course lines 
or more nearly speed lines. These procedures may best be shown by the following 
examples. 

Example 1.—Course line approach (fig. 914a).—An aircraft is returning to Base D 
on TC 090°, PGS 145K, after a prolonged flight during which no fixes were available. 
The aircraft’s 1300 DR position is as shown. At 1320 the navigator obtains an LOP 
parallel to bis course line. The 1320 LOP shows the aircraft to be off course to the 


right. 
35 
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FicuRE 914a.—A single line approach (course line). 


Required.—Determine the 1320 EP and make an SLA on Base D. 

Solution.—(1) Plot the 1320 DR position. 

(2) Plot and label the 1320 LOP. 

(3) Since no better information is available, drop a perpendicular from the 1320 
DR to the LOP to determine the 1320 EP. 

(4) If the aircraft continues on its present heading, it will not arrive at Base D. 
Draw a line parallel to the 1320 LOP through the base. Continue the DR from the 
1320 EP. Ata convenient time, at least 45 minutes before ETA at the base, AH to 
intercept the advanced LOP. The distance from the DR to the advanced LOP will 
normally be small, and the ETA at the advanced LOP should be reasonably accurate 
even with considerable error in GS. 

(5) Upon interception of the advanced LOP, AH to fly the LOP as the TC to the 
base. 





FicurE 914b.—A single line approach (speed line). 


Example 2.—Speed line approach (fig. 914b).—The DR position of an aircraft en 
route to Base K on TC 090°, PGS 150K, WV 045°/18K, is as shown. At 1030 an 
LOP is obtained. 

Required.—Dectermine the 1030 EP and make an SLA on Base K. 

Solution.—(1) Plot the 1030 DR position. 

(2) Plot and label the 1030 LOP. 
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(3) Since no better information is available, drop a perpendicular from the 1030 
DR to the LOP to determine the 1030 EP. 

(4) Continue the DR from the 1030 EP for a sufficient time to complete calcula- 
tions. 

(5) Advance the 1030 LOP through the destination. 

(6) Estimate mazimum possible DR error. Select a point on the advanced LOP 
which is nearest the aircraft and at a distance of the maximum DR error from the 
destination. 

(7) At a convenient time AH for the selected point on the advanced LOP. If 
the destination is not sighted at ETA at the advanced LOP, AH to fly the LOP through 
the destination. 

It is important that the estimation of maximum possible DR error be made ac- 
curately. If it is too large, unnecessary time is needed in the air—time which might 
not be available with the remaining fuel. An estimate that is too small is even more 
serious. By means of the estimate of maximum possible DR error the navigator hopes 
to insure arrival at the advanced LOP in such position that he will have no question 
as to which way to turn to reach the destination. In the situation illustrated in figure 
914b, the turn will be made to the left. Suppose the estimate of possible DR error is 
too small and the plane arrives at point Z. Unless the destination is in view or some 
other means of determining position is available, the turn will be made to the left 
and the plane will never reach its destination. 


Problems 


Use the following tables as applicable for problems of this chapter: 


Air speed calibration 


TAS coe 190 | 200 |; 210 | 220 |; 230 240 | 250 | 260 | 270 


























CAS. 2322 te 187 197 | 208 | 217 | 226 236 | 246 | 255 | 264 


Compass deviation 






000°|030°|060°|090°| 120°) 150°|180°|210°|/240°|270°:300°; 330° 


000°/028°|057°, 088° 119°/150°/181°|211°}242°/273°)302°| 331° 





ee ee MH 








Steer_____- CH 





904a. Given.—True headings (TH) and relative bearings (RB) as follows: 


TH RB TH RB 
(1) 175° 097° (5) 349° 227° 
(2) 290° 347° (6) 194° 005° 
(3) 004° 270° (7) 330° 138° 
(4) 097° 184° (8) 132° 340° 


Required.—The corresponding true bearings. 
Answers.—True bearings: (1) 272°, (2) 277°, (3) 274°, (4) 281°, (5) 216°, (6) 199°, 
(7) 108°, (8) 112°. 
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Although the same principle applies to all SLA’s, there are variations in the pro- 
cedure. The procedure depends upon whether the LOP’s are more nearly course lines 
or more nearly speed lines. These procedures may best be shown by the following 
examples. 

Example 1.—Course line approach (fig. 914a).—An aircraft is returning to Base D 
on TC 090°, PGS 145K, after a prolonged flight during which no fixes were available. 
The aircraft’s 1300 DR position is as shown. At 1320 the navigator obtains an LOP 
parallel to his course line. The 1320 LOP shows the aircraft to be off course to the 


night. 
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Fiaure 914a.—A single line approach (course line). 


Required.— Determine the 1320 EP and make an SLA on Base D. 

Solution.—(1) Plot the 1320 DR position. 

(2) Plot and label the 1320 LOP. 

(3) Since no better information is available, drop a perpendicular from the 1320 
DR to the LOP to determine the 1320 EP. 

(4) If the aircraft continues on its present heading, it will not arrive at Base D. 
Draw a line parallel to the 1320 LOP through the base. Continue the DR from the 
1320 EP. At a convenient time, at least 45 minutes before ETA at the base, AH to 
intercept the advanced LOP. The distance from the DR to the advanced LOP will 
normally be small, and the ETA at the advanced LOP should be reasonably accurate 
even with considerable error in GS. 

(5) Upon interception of the advanced LOP, AH to fly the LOP as the TC to the 


base. 





Ficure 914b.—A single line approach (speed line). 


Example 2.—Speed line approach (fig. 914b).—The DR position of an aircraft en 
route to Base K on TC 090°, PGS 150K, WV 045°/18K, is as shown. At 1030 an 
LOP is obtained. 

Required.—_Determine the 1030 EP and make an SLA on Base K. 

Solution —(1) Plot the 1030 DR position. 

(2) Plot and label the 1030 LOP. 
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(3) Since no better information is available, drop a perpendicular from the 1030 
DR to the LOP to determine the 1030 EP. 

(4) Continue the DR from the 1030 EP for a sufficient time to complete calcula- 
tions. 

(5) Advance the 1030 LOP through the destination. 

(6) Estimate marimum possible DR error. Select a point on the advanced LOP 
which is nearest the aircraft and at a distance of the maximum DR error from the 
destination. 

(7) At @ convenient time AH for the selected point on the advanced LOP. If 
the destination is not sighted at ETA at the advanced LOP, AH to fly the LOP through 
the destination. 

It is important that the estimation of maximum possible DR error be made ac- 
curately. If it is too large, unnecessary time is needed in the air—time which might 
not be available with the remaining fuel. An estimate that is too small is even more 
serious. By means of the estimate of maximum possible DR error the navigator hopes 
to insure arrival at the advanced LOP in such position that he will have no question 
as to which way to turn to reach the destination. In the situation illustrated in figure 
914b, the turn will be made to the left. Suppose the estimate of possible DR error is 
too small and the plane arrives at point #. Unless the destination is in view or some 
other means of determining position is available, the turn will be made to the left 
and the plane will never reach its destination. 


Problems 


Use the following tables as applicable for problems of this chapter: 


Air speed calibration 





904a. Given.—True headings (TH) and relative bearings (RB) as follows: 


TH RB TH RB 
(1) 175° ~~ 097° (5) 349° 227° 
(2) 290° 347° (6) 194° 005° 
(3) 004° 270° (7) 330° 138° 
(4) 097° 184° (8) 132° 340° 


Required.—The corresponding true bearings. 
Answers.—True bearings: (1) 272°, (2) 277°, (3) 274°, (4) 281°, (5) 216°, (6) 199°, 
(7) 108°, (8) 112°. 
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904b. Giren.—Compass headings (CH), relative bearings (RB), and variation (Var.) 
as follows: 


CH RB Var. CH RB Var. 
(1) 167° 016° 6° E (5) 354° 139° 11° W 
(2) 294° 200° 9° W (6) 206° 188° 0° 
(3) 121° 097° 1° BE (7) 044° 214° 26° W 
(4) 001° 206° 14° E (8) 303° 307° 7°E 


Required.—The corresponding true bearings. 

Answers.—True bearings: (1) 188°, (2) 276°, (3) 220°, (4) 221°, (5) 122°, (6) 033°, 
(7) 235°, (8) 255°. 

907. Giren.—An aircraft on course 330° obtains the following true bearings of 
X: A 320°, B 305°, C 257°, D 240°, EF 215°, F 195°, G 173°, H 162°. 

Required.—List by letters the following: (1) The course lines in the order of their 
value as such. (2) The speed lines in the order of their value as such. (3) Are there 
any perfect course or speed lines? If so, which? (4) Are any of the lines of position 
neither course nor speed lines? If so, which? 

Answers.—(1) A, H, G, B; (2) D, C, E; (3) Yes, Dis a perfect speed line; (4) Yes, F. 

908. Prepare a small area plotting sheet for mid latitude 42° N. 

Given.—The 1000 fix of an aircraft on TR 260°, GS 240K, is L 41°31’ N, \153°21’ W. 
At 1027 a ship at L 41°40’ N, » 156°00’ W bears 330°T from the aircraft. 

Required.—The estimated position if the line of position is considered reliable and 
(1) the TR and GS are of questionable accuracy, (2) the GS is considered reliable but 
the TR is of questionable accuracy, (3) the TR is considered reliable but the GS is of 
questionable accuracy, (4) the TR and GS are considered equally reliable, (5) the TR, 
GS, and LOP are all considered equally reliable. 

Answers.— 

(1) 41°15’ NN) (2) L 41924’ NN (3) L41°913’N (4) L. 41°18’ NN. (5) L 41°15’ N 
\ 155°39’ W \ 155°46’ W \ 155°38’ W \ 155°42’ W \ 155°42’ W 

914. Prepare a small area plotting sheet for mid latitude 37° N and longitudes 

151°-155° E. Plot the following points: 


Base A L 38°20’ N Base B L 35°50’ N Base C L 37°45’ N 
\ 155°10’ E \ 154915’ E  151°00’ E 
Island Q  L37°15’ N Island R L 36°40’ N Island S L 36°35’ N 
»\ 154°28’ E r\ 154°23’ BE »X 154°42’ EB 
Island T= 1. 36°03’ N Island U LL 36°50’ N Island VL 36°45’ N 
 154°08’ E 4 152°51’ E A 152°33’ E 
Island W L 37°38’ N Island Y L 37°47’ N Island Y LL 37°57’N 
AX 151°46’ EB »\ 152°56’ Ee A 152°51’ E 


Island Z 1. 38°15’ N 
A 153°55’ IE 
Given.—An aircraft takes off from Base A at 1400 to fly to Base B, then to Base C, 
and return to Base A. It will fly at TAS 250K, and a pressure altitude of 5,000 feet. 
Predicted WV 060°/30 K. Temperature at flight level (—) 5° C. Variation 2° W. 
Required.—For the first leg (A to B): (1) CAS, (2) TAS, (8) TC, (4) PGS, (5) 
TH, (6) MH, (7) CH, (8) ETA. 
Giren.—At 1415 Island Q bears 310°. 
Required.—(9) 1415 DR, (10) 1415 EP, assuming the bearing is the most reliable 
information. 
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Given.—At 1420 Island R bears 250° and Island S bears 140°. 

Required —(11) 1420 DR run up from the 1415 EP, (12) 1420 fix, (13) TR, (14) 
GS, (15) average WV since take-off, (16) new ETA at B. 

Given.—At 1428 Base B is visible nearly ahead and Island T is visible on the star- 
board bow. 

Required.—(17) Which bearing should be obtained first if a fix is desired? Why? 

Given.—At 1428 Base B bears 196° and at 1429 Island T bears 292°. 

Required.—(18) 1429 R fix, (19) ETA at B. For the second leg (B to C): (20) 
TC, (21) PGS, (22) TH, (23) CH, (24) ETA. 

Given.—The aircraft is over Base B at 1431 and changes its course to proceed to 
Base C. Just before the turn is made a drift of 4°5 R is observed, and immediately 
after the turn drift is observed to be 10° L. 

Required.—(25) WV. 

Given.—At 1448 Island U is sighted, bearing 019° relative. At 1450 Island V 
is sighted bearing 336° relative. 

Required.— (26) TB of U, (27) TB of V, (28) 1450 R fix, (29) TR, (30) GS, (31) 
average WV since leaving B, (32) ETA at C. 

Giren.—Shortly after the 1450 R fix is obtained, the navigator believes from the 
appearance of the water that the wind has shifted considerably and estimates the wind 
velocity is now 100°/45K. 

Required.—To maintain the same ETA at C: (33) PGS, (84) TAS, (35) CAS, 
(36) IAS, (37) TH, (38) CH. 

Given.—At 1454 Island U bears 144° relative and at 1456 Island V bears 204° 
relative. 

Required.—(39) TB of U, (40) TB of V, (41) 1456 R fix. 

Given.—As the aircraft proceeds toward C it passes through several squalls and 
the wind appears to be gusty and variable in direction. At 1506 Island W is sighted 
bearing 019° relative. At 1512 it bears 092° relative. Since the TR and GS are very 
much in doubt, the navigator uses his TH and TAS for advancing the earlier LOP. 

Required.— (42) 1512 R fix. 

Given.—The navigator estimates the wind velocity as 075°/30K. He advances 
his 1512 running fix by TH and TAS to 1514, at which time he gives the pilot the new 
heading. 

Required.— (43) TC, (44) PGS, (45) TH, (46) CH, (47) ETA. 

Given.— At 1517 Base C is sighted bearing 297° T and the pilot alters heading 
accordingly. At 1520 the aircraft is over the base. 

Required.—(48) TC to Base A. 

Giren.—Just before reaching Base C on TH 300°, the navigator makes a drift 
observation and reads 3° ZL. At the base the heading is changed to 080° and the IAS 
increased to 260K. The air temperature is now (—) 2° C. When the aircraft has 
steadied on the new heading, the drift is observed to be 1° R. 

Required.—(49) CAS, (50) TAS, (51) WV, (52) TR, (53) GS, (54) ETA. 

Given.—At 1525 the pilot takes the heading for Base A. 

Required.—(55) 1525 DR position, (56) TC, (57) PGS, (58) TH, (59) CH. 

Given.—At 1528 the navigator notes that the magnetic compass is somewhat 
erratic. By 1533 it has steadied somewhat. At this time a bearing of Island W’ is 
observed, as it is still faintly visible. The island bears 137° relative. At 1539 Island 
Y bears 017° relative and at 1541 Island _X bears 068° relative. The navigator advances 
the 1533 LOP and retires the 1541 LOP to obtain a 1539 running fix. 
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Required.—(60) 1539 DR, (61) 1539 R fix, (62) average GS since leaving Base C, 
(63) ETA using PGS 259K. 

Given.—Shortly after the 1541 bearing is observed the magnetic compass becomes 
erratic again and continues this way for the remainder of the flight, steadying for a 
few moments at a time and then swinging slowly from side to side. The TH therefore 
becomes seriously in doubt. At 1542 Island X and Island Y are observed to be directly 
in line. At this moment the relative bearing of the two islands is observed to be 082°5. 

Required.— (64) TB of the Islands X and Y by measurement on the chart. (65) 
TH of the aircraft at the moment of observation. 

Given.—At 1545 the compass is momentarily steady at CH 077°. At this moment 
Island Y bears 161° relative. Since the average heading during the interval between 
bearings is uncertain, the navigator advances the first LOP by the time unit method. 

Required.— (66) 1545 R fix. 

Given.—At 1553 Island Z is sighted almost dead ahead. Several bearings are ob- 
served and plotted. Although the results are somewhat erratic, the one considered 
most accurate, considering the change of bearing in relation to the time between bear- 
ings, is RB 315° at 1555, when the CH is 080°. At this time the island is estimated to 
be 1 mile distant. The navigator decides to use this bearing line for a single line ap- 
proach on Base A. He estimates that his position of intercepting the advanced 
LOP should not be more than 15 milesin error. The aircraft continues on course until 
1557, when the course is changed for the SLA. 

Required.—(67) 1555 EP, (68) TC, (69) TH, (70) CH, (71) PGS, (72) ETA at the 
advanced LOP, (73) TC from point of interception of the advanced LOP to Base A, 
(74) PGS, (75) ETA at Base A, (76) TH, (77) MH, (78) CH. 

Given.—At 1606 Base A is sighted bearing 040° and the heading is changed ac- 
cordingly. At 1608 the aircraft lands at Base A. 

Required.—(79) The course made good from Base C to Base A. (80) The GS 
made good from C to A. 

Answers.—(1) CAS 246K, (2) TAS 260K, (3) TC 196°, (4) PGS 281K, (5) TH 
191°5, (6) MH 193°5, (7) CH 194°5, (8) ETA 1433, (9) 1415 DR L 37°11'5 N, 
\ 154°45’ E, (10) 1415 EP L 37°07’ N, \154°40/5E, (11) 1420 DR L 36°44’ N, A 154°32” 
E, (12) 1420 fix L 36°43’ N, \ 154°34/5E, (13) TR 196°, (14) GS 302K, (15) WV 043°/ 
46K, (16) ETA 1431, (17) the bearing of Base B should be observed first because it is 
more nearly constant, (18) 1429 R fix L 36°00’ N, A 154°19’ E, (19) ETA 1431, (20) 
TC 306°, (21) PGS 262K, (22) TH 316°, (23) CH 319°, (24) ETA 1516, (25) WV 
043°/46K, (26) TB 335°, (27) TB 292°, (28) 1450 R fix L 36°39‘5N, \ 152°50’ E, (29) 
TR 306°, (30) GS 260K, (31) WV 043°/46K, (32) ETA 1516, (33) PGS 260K, (34) TAS 
220K, (35) CAS 208K, (36) IAS 210K, (37) TH 311°, (38) CH 315°, (39) TB 095°, 
(40) TB 155°, (41) 1456 R fix L 36°56’ N, A 152°26’E, (42) 1512 R fix L 37°32‘5N, 
4151°40’ E, (43) TC 286°, (44) PGS 246K, (45) TH 290°, (46) CH 294°, (47) ETA 1521, 
(48) TC 080°, (49) CAS 255K, (50) TAS 271K, (51) WV 060°/13K, (52) TR 081°, (53) 
GS 259K, (54) ETA 1607, (55) 1525 DR L 37°48’N, \ 151°26’ E, (56) TC 080°, (57) 
PGS 259K, (58) TH 079°, (59) CH 079°, (60) 1539 DR L 37°58’ N,  152°38’ E, (61) 
1539 R fix, L 37°59'/5N, \ 152°33’ E, (62) GS 236K, (63) ETA 1608.5, (64) TB 158°5, 
(65) TH 076°, (66) 1547 R fix L 38°03’ N, d 153°03’ E, (67) 1555 EP L 38°14’ N, d 
153°55’E, (68) TC 100°, (69) TH 098°, (70) CH 098°, (71) PGS 261K, (72) ETA 1607.5, 
(73) TC 035°, (74) PGS 260K, (75) ETA 1611, (76) TH 038°, (77) MIH 040°, (78) CH 
038°, (79) Course made good 080°, (80) GS made good 254K. 


CHAPTER X 
RELATIVE MOVEMENT 


Introduction 


1001. Relative velocity——Motion is customarily defined in terms of direction and 
speed. But one’s knowledge of motion is not complete unless he knows to what the 
direction and speed—the velocity—trefers. Track or course and ground speed refer to 
motion over the ground, or relative to the earth’s surface. <A ground plot is one rela- 
tive to the ground. Heading and air speed refer to motion through or relative to the 
air. An air plot is one relative to the air. 

Just as motion can be stated relative to the ground or @ moving air mass, so, also, 
can it be indicated relative to a moving object, such as another aircraft or ship. If 
aircraft A takes off from an airport and flies east at a ground speed of 150K, it moves 
eastward of the airport at this same rate, and at the end of one hour it is 150 miles east 
of the airport. Its position from the airport at any time can be determined by means 
of its direction and rate of motion. If a second aircraft, B, takes off from the same 
base at the same time and also flies east, but at a ground speed of 250K, it is increasing 
its distance from aircraft A and since its rate and direction relative to aircraft A are 
known, its position at any time relative to A can be determined. 

The velocity of aircraft B relative to the ground is 250K east. This is called actual 
motion. Its velocity relative to aircraft A is 100K east. This is called relative motion 
or relative movement, to distinguish it from al] other motion. 

Consider further the situation of aircraft A in the above example. Relative to air- 
craft B it is moving west at 100K. That is, its 
separation from B is the same as if Bremained 2 a 
stationary and A moved west at a ground speed 227m 
of 100K. The direction of relative movement 
(DRM) of one aircraft with respect to a second = 200 
one is always the reciprocal of the DRM of the 
second with respect to the first. The speed of 
relative movement (SRM) and miles of relative ‘°° 
movement (MRM) have the same values, re- 
spectively, in either case. 

1002. Relative plot.—If both aircraft are '° 
moving in the same or in opposite directions, 
and along the same line, the DRM and SRM 
can be determined mentally. But suppose 
(fig. 1002a) that aircraft Cis at C, when aircraft 
D is at D,, 40 miles south of C,. Suppose, 
further, that for aircraft C the TR is 000° and 
the GS is 200K and for aircraft D the TR is 
030° and the GS is 250K. The positions of 
the two aircraft are shown at 15-minute inter- 
vals. This is a geographical or ground plot. Fictre 1002a.—Geographical plot. 
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Required.—(60) 1539 DR, (61) 1539 R fix, (62) average GS since leaving Base C, 
(63) ETA using PGS 259K. 

Given.—Shortly after the 1541 bearing is observed the magnetic compass becomes 
erratic again and continues this way for the remainder of the flight, steadying for a 
few moments at a time and then swinging slowly from side to side. The TH therefore 
becomes seriously in doubt. At 1542 Island X and Island Y are observed to be directly 
inline. At this moment the relative bearing of the two islands 1s observed to be 082°5. 

Required.— (64) TB of the Islands X and Y by measurement on the chart. (65) 
TH of the aircraft at the moment of observation. 

Given.—At 1545 the compass is momentarily steady at CH 077°. At this moment 
Island Y bears 161° relative. Since the average heading during the interval between 
bearings is uncertain, the navigator advances the first LOP by the time unit method. 

Required.— (66) 1545 R fix. 

Given.—At 1553 Island Z is sighted almost dead ahead. Several bearings are ob- 
served and plotted. Although the results are somewhat erratic, the one considered 
most accurate, considering the change of bearing in relation to the time between bear- 
ings, is RB 315° at 1555, when the CH is 080°. At this time the island is estimated to 
be 1 mile distant. The navigator decides to use this bearing line for a single line ap- 
proach on Base A. He estimates that his position of intercepting the advanced 
LOP should not be more than 15 miles in error. The aircraft continues on course until 
1557, when the course is changed for the SLA. 

Required.— (67) 1555 EP, (68) TC, (69) TH, (70) CH, (71) PGS, (72) ETA at the 
advanced LOP, (73) TC from point of interception of the advanced LOP to Base A, 
(74) PGS, (75) ETA at Base A, (76) TH, (77) MH, (78) CH. 

Given.—At 1606 Base A is sighted bearing 040° and the heading is changed ac- 
cordingly. At 1608 the aircraft lands at Base A. 

Required.—(79) The course made good from Base C to Base A. (80) The GS 
made good from C to A. 

Answers.—(1) CAS 246K, (2) TAS 260K, (3) TC 196°, (4) PGS 281K, (5) TH 
191°5, (6) MH 1938°5, (7) CH 194°5, (8) ETA 1433, (9) 1415 DR L 37°11'5 N, 
\ 154°45’ E, (10) 1415 EP L 37°07’ N, A 154°40'5E, (11) 1420 DR L 36°44’ N, A 154°32’ 
E, (12) 1420 fix L 36°43’ N, \ 154°34'5E, (13) TR 196°, (14) GS 302K, (15) WV 043°/ 
46K, (16) ETA 1431, (17) the bearing of Base B should be observed first because it is 
more nearly constant, (18) 1429 R fix L 36°00’ N, A 154°19’ E, (19) ETA 1431, (20) 
TC 306°, (21) PGS 262K, (22) TH 316°, (23) CH 319°, (24) ETA 1516, (25) WV 
043°/46K, (26) TB 335°, (27) TB 292°, (28) 1450 R fix L 36°39/5N, d 152°50’ E, (29) 
TR 306°, (30) GS 260K, (31) WV 043°/46K, (32) ETA 1516, (33) PGS 260K, (34) TAS 
220K, (35) CAS 208K, (36) IAS 210K, (37) TH 311°, (38) CH 315°, (39) TB 095°, 
(40) TB 155°, (41) 1456 R fix L 36°56’ N, A 152°26’E, (42) 1512 R fix L 37°32'5N, 
4151°40’ E, (43) TC 286°, (44) PGS 246K, (45) TH 290°, (46) CH 294°, (47) ETA 1521, 
(48) TC 080°, (49) CAS 255K, (50) TAS 271K, (51) WV 060°/13K, (52) TR 081°, (53) 
GS 259K, (54) ETA 1607, (55) 1525 DR L 37°48’N, d 151°26’ E, (56) TC 080°, (57) 
PGS 259K, (58) TH 079°, (59) CH 079°, (60) 1539 DR L 37°58’ N, \ 152°38’ E, (61) 
1539 R fix, L 37°59/5N, \ 152°33’ E, (62) GS 236K, (63) ETA 1608.5, (64) TB 15875, 
(65) TH 076°, (66) 1547 R fix L 38°03’ N, A 153°03’ E, (67) 1555 EP L 38°14’ N, x 
153°55’ E, (68) TC 100°, (69) TH 098°, (70) CH 098°, (71) PGS 261K, (72) ETA 1607.5, 
(73) TC 035°, (74) PGS 260K, (75) ETA 1611, (76) TH 038°, (77) MH 040°, (78) CH 
038°, (79) Course made good 080°, (80) GS made good 254K. 
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Introduction 


1001. Relative velocity.—Motion is customarily defined in terms of direction and 
speed. But one’s knowledge of motion is not complete unless he knows to what the 
direction and speed—the velocity—refers. Track or course and ground speed refer to 
motion over the ground, or relative to the earth’s surface. A ground plot is one rela- 
tive to the ground. Heading and air speed refer to motion through or relative to the 
air. An air plot is one relative to the air. 

Just as motion can be stated relative to the ground or & moving air mass, so, also, 
can it be indicated relative to a moving object, such as another aircraft or ship. If 
aircraft A takes off from an airport and flies east at a ground speed of 150K, it moves 
eastward of the airport at this same rate, and at the end of one hour it is 150 miles east 
of the airport. Its position from the airport at any time can be determined by means 
of its direction and rate of motion. If a second aircraft, B, takes off from the same 
base at the same time and also flies east, but at a ground speed of 250K, it is increasing 
its distance from aircraft A and since its rate and direction relative to aircraft A are 
known, its position at any time relative to A can be determined. 

The velocity of aircraft B relative to the ground is 250K east. This 1s called actual 
motion. Its velocity relative to aircraft A is 100K east. This is called relative motion 
or relative movement, to distinguish it from all other motion. 

Consider further the situation of aircraft A in the above example. Relative to air- 
craft B it is moving west at 100K. That is, its 
separation from B is the same as if Bremained 209 %@-___ 4) 
stationary and A moved west at a ground speed OVE I mf oe 
of 100K. The direction of relative movement 
(DRM) of one aircraft with respect to a second 200 
one is always the reciprocal of the DRM of the 
second with respect to the first. The speed of 
relative movement (SRM) and miles of relative '© 
movement (MRM) have the same values, re- 
spectively, in either case. 

1002. Relative plot.—If both aircraft are  '*° 
moving in the same or in opposite directions, 
and along the same line, the DRM and SRM 
can be determined mentally. But suppose 
(fig. 1002a) that aircraft Cis at C, when aircraft 
D is at D,, 40 miles south of C,. Suppose, 
further, that for aircraft C the TR is 000° and 
the GS is 200K and for aircraft D the TR is 
030° and the GS is 250K. The positions of 
the two aircraft are shown at 15-minute inter- 
vals. This is a geographical or ground plot. FiguRE 1002a.—Geographical plot. 

203 





40 


691-651 °—__63—__14 


204 RELATIVE MOVEMENT 


In a ground plot the ground is considered stationary and all motion shown is relative 
to the ground. In an air plot the air is considered stationary and all motion shown is 
relative to the air. Similarly, in a relative plot the craft to which relative motion is 
referred, sometimes called the reference craft, is considered stationary, and all motion 
shown is relative to it. In figure 1002a the bearings and distances of D from C are 
plotted from the positions of Crelative to the earth. In 
figure 1002b the same bearings and distances are plotted 
from a fixed point. As shown, all positions of D lie on 
a straight line and, relative to C, D moves along this line. 
The direction of this line, 083°, is the DRM, and the 
Ficure 1002b.—Relative plot. length of the line, 126 miles, is the MRM. Since the 

period is one hour, the length in this illustration is 
also the SRM, 126K. If D had been considered the reference aircraft and C the 
maneuvering aircraft, each bearing would have been plotted in the opposite direction, 
and the DRM would have been reversed. TheSRM would not have changed. Figure 
1002b is called a relative plot. 

1003. Relative movement problems.—Whenever motion of an aircraft in relation 
to another aircraft or ship is of interest, relative movement is also of interest. It is 
important that one solving such problems keep clearly in mind which motion is relative 
and which is related to the earth or the air. All three are often involved in the same 
problem. 





Interception 


1004. Introduction.—It is well known that two craft on converging courses and at 
the same level will collide if the bearing between them is constant. Refer to figure 1004. 
Aircraft S is at Sy on TR 000°, GS 200K at the same time that aircraft P js at Py on 
TR 349°, GS 300K. If both continue on the same TR and at the same GS, S will be 
at S, when P is at P,, etc. Thus, when S 
is at S,, Pis at P, and since these are the 
same point, aircraft S and aircraft P will 
both arrive at point S,P,at thesame time. 
During the flights from S, to S, and P, to 
P, the bearing between the two aircraft 
has remained constant, but the distance — , 
has decreased at a constant rate. If the 
time from S, and Py, to S,P, is one hour 
and the distance S, Py is 160 miles, the SRM igo 
is 160K and the DRM of S with respect 
to P is 113°. The DRM of P with res- 
pect to S is 118°+180°=293°. 120 

In this case the lower dashed line of 
figure 1004 can be considered the relative 
plot, since its extremities represent the rela- 80 
tive position of the two aircraft at the 
beginning of the problem, the direction of 
the line represents the DRM, the length 
of the line represents the MRM, and either 
S, or Py represents the position of both 
aircraft at the end of the problem. Since O Ry 
exactly one hour is involved, the length Ficure 1004.—Collision bearing. 
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of S.P, also represents the SRM. In interception problems the bearing of the craft 
to be intercepted, from the intercepting aircraft at the beginning of the problem, is 
the DRM, and the distance is the MRM. 


The constant bearing maintained in such a situa- 
tion is called a collision bearing, for if it is maintained, 
This principle is used in in- 
terception problems, collision being avoided by turn- 
ing in time or by maintaining altitude separation at 
the estimated time of interception (ETI). 

1005. Intercepting another aircraft.—If an air 
craft is to intercept another, it must fly in such a 
direction that the bearing remains constant and the ,, 


a collision will result. 


distance decreases. 
Example.— 


Given.—At 1000 aircraft S, on TR 010°, GS = 6 
150K, bears 290°, distant 100 miles from aircraft P, 
which is to intercept S at GS 180K. 

Required.—(1) TC to intercept. 40 

(2) Estimated time of interception (ETI). 

Solution (fig. 1005a).—Plot the positions of S 
and P at 1000 (S, and P,) and lay off the TR of S. o 
Indicate the position of S at the end of one hour (S,). 





(2) Through S,, draw the collision bearing paral- Ficure 1005a.—Interception. 


lel to P So. 


(3) With P as the center and the GS of P as the radius, swing an arc intersecting 
the advanced collision bearing line extended in the opposite direction, if necessary, 
at P,. The direction of line PoP:, 345°, is the required TC to intercept, since it 





Ficure 1005b.—Intercep- 
tion by vector solution. 


maintains the collision bearing and decreases the distance. 

(4) Interception takes place at S,P, where the TR of S 
intersects the TC line of P. To find ETI measure the dis- 
tance PoP.2, 234 miles, and divide by the PGS of P, 180K, ob- 
taining 1518". To check, measure the distance S,S2, 195 miles, 
and divide by the GS of S, 150K, again obtaining 1°18". This is 
the interval after the aircraft are at S, and Py. The ETI is 
1000+ 15187= 1118. 

Answers.—(1) TC 345°, (2) ETI 1118. 

Alternative solution (fig. 1005b).—Solution can also be made 
by vector diagram. 

(1) From e draw the TR-GS vector of S (labeled es). 

(2) From s draw the relative movement line in direction 
290°. 

(3) With e as the center and the GS of P as the radius, 
swing an arc to intersect the relative movement line, thus 
locating p. The direction of ep is the required TC to inter- 
cept, 345°. 

(4) The length of the relative velocity vector, sp, 77K, 


is the SRM. To determine ETI, divide the MRM, 100 miles, by the SRM, 77K, 
obtaining 1°18™ from the initial situation. The ETI is 1000+ 1°18"=1118, as before. 
Answers.—(1) TC 345°, (2) ETI 1118. 
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One advantage of the alternative solution is that it can be solved anywhere (paper, 
Mark 6A plotting board, E-10 computer, etc.) and to any scale. In figure 1005b 
point e is placed at the center of the compass rose of a VP-OS sheet and half scale is 
used. In general, the larger the scale, the greater the accuracy. However, space 
limitations must be considered. Note that in the vector solution the relative velocity 
vector is drawn from sto p. In the geographical plot it is from p to s. 

1006. Allowing for wind.—A separate solution for heading is not needed, as it can 
be included in the interception solution. 

Exsample.— 

Given.—At 1400 aircraft S, on TR 100°, GS 160K, bears 180°, distant 120 miles 
from aircraft P, which is to intercept S, using TAS 175K. WV 240°/40K. 

Required.—(1) TH, (2) TC, (3) PGS, (4) ETI. 


200 
160 


120 


80 





S2 
1534 


Figure 1006a.—Interception, allowing for wind. 


Solution (fig. 1006a).—(1) Plot the positions of S and P at 1400 (So and Po) and 
lay off the TR of S. Indicate the position of S at the end of one hour (S}). 

(2) Through S, draw the collision bearing parallel to PoSp. 

(3) Let Po be e and plot the wind velocity vector ew, with the wind. 

(4) With w as the center and the prescribed TAS as the radius, swing an arc 
intersecting the advanced collision bearing line at p. The direction of line wp, 135°, 
is the required TH. 

(5) Connect e and p, and continue the line until it intersects the TR of S at S;. 
The direction of line ep, 123°5, is the required TC, and the length, 189K, is the re- 
quired PGS. 

(6) Measure the distance PoP2, 296 miles, and divide by the PGS, 189K, obtain- 
ing 1 34". Check by using distance S)S:, 250 miles, and GS 160K. The ETI is 
1400+ 1° 34™= 1534. 

Answers.—(1) TH 135°, (2) TC 123°5, (3) PGS 189K, (4) ETT 1534. 

Note that time of interception is found by continuing the TC line, not the TH line. 
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Alternative solution (fig. 1006b).—(1) Draw 
the WV vector with w at the center of the 
compass rose. 

(2) From e draw the TR-GS vector of 
S, locating s. 

(3) From s draw the relative movement 
line in direction 180°. 

(4) With w as the center and the pre- 
scribed TAS as the radius, swing an arc to 
intersect the relative movement line, thus 
locating p. The direction wp, 135°, is the 
TH to intercept. 

(5) Connectep. The direction of this line, PiGune 100eb.<=Interception by veetor 
123°5, is the TC to intercept and the length, solution, allowing for wind. 
189K, is the PGS. 

(6) Using SRM 77K (length of sp) and MRM 120 miles, find the time of the 
interception run, 12 347. The ETI is 1400+1° 347=1534. 

Answers.—(1) TH 135°, (2) TC 123°5, (3) PGS 189K, (4) ETI 1534. 

1007. Solution when the time is less than one hour.— 

Example.— 

Given —At 1500 aircraft S, on TR 245°, GS 240K, bears 155°, distant 90 miles 
from aircraft P, which is to intercept S, using TAS 255K. WV 005°/45K. 

Required.—(1) TH, (2) TC, (3) PGS, 
(4) ETI. 

Solution (fig. 1007a).—(1) Plot the posi- 
tions of S and P at 1500 (S) and P,) and 
lay off the TR of S. Indicate the position 
of S at the end of one hour (S,). 

(2) Through S, draw the collision bear- 
ing parallel to PoS,, but on the opposite 
side of SoS:. 

(3) Let Po be e and plot the wind ve- 
locity vector ew, with the wind. 

(4) With w as the center and the pres- 
cribed TAS as the radius, swing an arc 
intersecting the advanced collision bearing 
line at p. The direction of the line wp, 
213°5, is the required TH. 

Ficure 1007a.—Interception in less than one (5) Connect e and p. The direction of 
hour. line ep, 209°, is the required TC, and the 
length, 295K, is the PGS. 

(6) Interception takes place at S,P,, the intersection of the TR of S and the 
TC line of P. Measure the distance PoP;, 153 miles, and divide by the PGS, 295K, 
obtaining 317. Check by using distance S)S,, 125 miles, and GS 240K. The ETT is 
1500+ 317=1531. 

Answers.—(1) TH 213°5, (2) TC 209°, (3) PGS 295K, (4) ETI 1531. 

Alternative solution (fig. 1007b).—(1) Draw the WV vector with w at the center 
of the compass rose. 
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(2) From e draw the TR-GS vector of S, locating s. 

(3) From s draw the relative movement line in direction 155°. 

(4) With w as the center and the prescribed TAS as the radius, swing an arc 
to intersect the relative movement line, thus locating p. The direction wp, 213°5, 1s 
the required TH. 

(5) Connect ep. The direction of this 
line, 209°, is the required TC to intercept and 
the length, 295K, 1s the PGS. 

(6) Using SRM 173K and MRM 90 miles, 
find the time of the interception run, 317. The 
ETI] is 1000+31"=1531. 

Answers.—(1) TH 213°5, (2) TC 209°, (3) 
PGS 295K, (4) ETI 1531. 

1008. Double solution.—When an inter- 
cepting aircraft is ahead of the craft to be 
intercepted and its GS is less than that of the 
craft to be intercepted, two solutions are possi- 
ble. The one which will result in the earlier 
interception is generally the one used. 





1 are, 
Figure 1007b.—Interception in less than a le. ; 
one hour by vector solution. Given.—At 1100 aircraft S, on TR 050°, 


GS 210K, bears 190°, distant 150 miles from 
aircraft P, which is to intercept S, using TAS 120K. WYV 220°/45K. 

Required.—(1) TH, (2) TC, (8) PGS, (4) ETI. 

Solution (fig. 1008a).—(1) Plot the positions of S and P at 1100 (Sp) and Pp) and lay 
off the TR of S. Indicate the position of S at the end of one hour (S,). 

(2) Through S, draw the collision bearing parallel to PoSo. 

(3) Let Py be e and plot the wind velocity vector ew, with the wind. 

(4) With w as the center 
and the prescribed TAS as the *% 
radius, swing an arc intersecting 
the advanced collision bearing 





line at p,and p;,. Eitherofthese ™ 
intersections will result in a Pog, 2 
solution. The direction of line eer ORS 
wp;, 122°, or wp, 079°, is the '*° : esi! 
required THE. a 
(5) Connect e with p, and A a 
p» The direction of line em, “© ag : 
102°5, or ep:, 069°, is the re- i 
/ 


quired TC, and the length, 134K bet 
or 157K, is the PGS. rer Wee 
(6) Interception takes place Fictre 1008a.—Intereeption problem with two solutions. 

at PS, or P3S3. Measure the 

distance P)P;, 120 miles, and divide by the PGS, 134K, obtaining 54". Check by using 
distance S)S;, 188 miles, and GS 210K. The ETI at this point 1s 1100+54"=11054. 
Measure the distance P)/’3, 295 miles, and divide by the PGS, 157K, obtaining 1°53”. 
Check by using distance S)S3, 393 miles, and GS 210K. The ETI at this point 1S 
1100+ 1°53"= 1253. 
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Answers.—(1) TH 122° or 079°, (2) TC 102°5 or 069°, (3) PGS 134K or 157K, (4) 
ETI 1154 or 1253. 

Note that the interception nearer the origin occurs earlier, even though the pre- 
dicted ground speed is considerably less than in the other solution. The earlier inter- 
ception always occurs nearer the origin, along the course line making the steepest angle 
with the track of the craft to be intercepted. 

Alternative solution (fig. 1008b).—(1) Draw the WV 
vector with w at the center of the compass rose. 

(2) From e draw the TR-GS vector of S, locating s. 

(3) From s draw the relative movement line in 
direction 190°. 

(4) With w as the center and the prescribed TAS 
as the radius, swing an arc to intersect the relative 
movement line, which it does at two points, p; and p>. 
The direction wp,, 122°, and wp., 079°, are the required 
true headings. 

(5) Connect ep, and ep,. The directions of these 
lines, 102°5 and 069°, are the required courses, and the _ , 
lengths, 134K and 157K, are the required predicted aca fee eae 
ground speeds. vector solution. 

(6) The SRM for p, is 167K and for p, is 80K. 

Using these speeds and MRM 150 miles, find the estimated times of interception, 
1154 (1100+ 547) and 1253 (1100+1° 537). 

Answers.—(1) TH 122° or 079°, (2) TC 102°5 or 069°, (3) PGS 134K or 157K, 
(4) ETI 1154 or 1253. 

Note that in this solution the earlier interception is that of the intersection of the 
arc and the relative movement line farthest from s. This is because in this solution 
speeds are involved and sp, represents a greater speed than sp,. In the first solution 
distances were involved. In both, the numerical answers are identical. 

If the PGS is insufficient to intersect the relative movement line in either solution, 
interception Is not possible. Neither is it possible if the intersection is at a point such 
that the distance between craft increases instead of decreases. 

If the distance between craft is unknown, solution for TH, TC, and GS can be 
made, but the time of interception cannot be determined. 

1009. Air plot solution.—When the TH and TAS of the aircraft to be intercepted 
are known, the solution for TH of the intercepting aircraft and ETI can be simplified, 
if it can be assumed that the wind acting on both aircraft is the same. 

Refer to figure 10092. Let S, be the position of aircraft S on TR 330° at GS 140K 
and P, be the position of aircraft P, which is to intercept S. The WV isasshown. By 
the usual method of solution line P,S,, is drawn through the position of S after one 
hour and parallel to PoSy. From wp an arc is swung with radius equal to the TAS of P, 
so as to intersect the advanced relative movement line at P;. A line is then drawn 
through P,P, and extended to intersect the track of S at point P2S,. Thus, if lines 
€g Ws, Wa Wp, Wa P’,S’, and P,P’,S’; are omitted, the solution is the familiar one. The 
ETI is found by using the PGS of P and distance PoP, or the GS of S and distance 
SoS. 

Exactly the same answers for TH and ETI can be obtained by using only the trian- 
gle wg wp P’,S’,, the ETI being found by using the TAS of P and the distance wp P’; 
or the TAS of S and the distance wg S’,. If the TH-TAS lines are drawn from the 
positions of the aircraft at the start of the problem (superimposing wg wp over ég ép), 
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the position P’,S’, is the NW position at interception and the whole solution is by air 
plot instead of by ground plot. The simplified solution is shown in figure 1009b and 
explained in the following example: 

Example.— 

Given.—At 0700 aircraft S, on TH 345°5, TAS 125K, bears 050°, distant 120 miles 
from aircraft P, which is to intercept S, using TAS 160K. 

Required.—(1) TH, (2) ETT. 

Solution (fig. 1009b).—(1) Plot the positions of S and P (S, and P,) and lay off the 
TH of S. Indicate the NW position of S at the end of one hour (S)). 
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Ficure 1009a.—Interception by both ground plot Ficure 1009b.—Interception by air 
and air plot. plot. 


(2) Through S, draw the collision bearing parallel to PoSp. 

(3) With Py as the center and the prescribed ‘TAS as the radius, swing an arc in- 
tersecting the advanced collision bearing line at P;. The direction of line PoP, 005°5, 
is the required TH. 

(4) Continue lines S,S, and P,P, until they intersect at P2S,, the NW positions 
of both aircraft at the time of interception. Measure the air distance PoP2, 325 miles, 
and divide by the TAS, 160K, obtaining 2°02". Check by using air distance S)Sz, 
255 miles, and TAS 125K. ETI is 0700+ 2°02"=0902. 

Answers.—(1) TH 005°5, (2) ETI 0902. 

Alternative solution (figs. 1009¢c and 1009d).—Figure 1009c shows the full solution 
by vector diagram using both TR-GS or TC-PGS and TH-TAS vectors, and figure 
1009d shows the simplified solution. Referring to figure 1009d: 
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(1) Draw the TH-TAS vector of S, locating s. (Note that s in this diagram 
corresponds to Pg in fig. 1009a). 

(2) From s draw the relative movement line in direction 050°. 

(3) With w as the center and the prescribed TAS as the radius, swing an arc to 
intersect the relative movement line at p (corresponding to Pp in fig. 1009a). The direc- 
tion wp, 005°5, is the required TH. 

(4) Using SRM 59K and MRM 120, find the ETI, 0700+ 2°027= 0902. 

Answers.—(1) TH 005°5, (2) ETI 0902. 

Figures 1009a and 1009c are the full diagrams for solution of interception problems. 
Only such parts as are needed are used. When an air plot or TH-TAS vector diagram 
can be used, the answers are obtained quickly and with less possibility of error, since 
fewer steps are involved. Also, an accurate knowledge of the wind is not needed. Wind 
shifts during the interception run do not affect the accuracy of the solution by any 
method if they occur to both aircraft equally and at the same time. 





FicureE 1009d.— Vector diagram 
FicureE 1009c.—Full vector dia- for air plot solution of inter- 
gram for interception problem. ception problem. 


The diagrams of figures 1009b and 1009d bear a close resemblance to the wind tri- 
angle. The relationship is actually closer than might be anticipated. Refer to figure 
1009d. If aircraft S moves in direction ws relative to the air, the air must move in 
direction sw relative to aircraft S (art. 1001). The TH-TAS vector in reverse direc- 
tion is the wind velocity vector relative to the aircraft involved, or the relative wind, 
better called the apparent wind, since it is the velocity of the wind as it would be 
recorded by an observer in the aircraft. By definition, apparent wind is measured 
from a true direction and relative wind from a direction relative to the nose of the aircraft. 

Refer now to figure 1009c. Aircraft P moves in direction ep relative to the earth, but 
because of the wind ew relative to the earth, it must head in direction wp. Its motion 
over the ground is the vector sum of its motion relative to the air and the motion 
of the air relative to the ground. Similarly, in figure 1009d, the same aircraft moves 
in direction sp relative to aircraft S but because of the wind sw relative to aircraft S, or 
the apparent wind of S, aircraft P must head in direction wp. Thus, in figure 1009d, 
if the DRM were the direction of motion relative to the earth, point s would be labeled 
e and the familiar wind triangle would result. It appears somewhat out of proportion 
only because the apparent wind vector is longer than the usual actual wind vector. 

To summarize, the TH and ETI can be found very quickly by solving an ordinary 
wind triangle, substituting the apparent wind (reciprocal of the TH-TAS) of the 
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aircraft to be intercepted for actual wind and the bearing of the aircraft to be intercepted 
for the TR. If the actual wind is known, the TR and GS can easily be determined. 

1010. Fictitious craft.—If the craft to be intercepted changes course or speed during 
the interception run, this must be taken into account if interception is to be accom- 
plished. If the change is not anticipated, the usual procedure is to advance the posi- 
tions of both aircraft far enough into the future to allow time for a new solution, and 
then start a new interception run when the advanced position is reached. 

When the change is known in advance, a single solution can be made. It is done 
by projecting the position of the craft to be intercepted back to where it would have been 


240 


200 





Ficurp 1010a.—Interception with fictitious craft. 


at the start of the problem if it had been on the final course and speed during the entire 
interception run. The final course and specd are used in the solution. 

Example .— 

Given.—At 0845 aircraft S is at Sy (fig. 1010a) on TR 080°, GS 140K. At 0900 
it will change to TR 020°, GS 200K, and at 0920 it will resume track 080°, GS 140K. 
Aircraft P at Po, 216 miles bearing 354° from S at 0900, is to intercept S, using TAS 
220K. WV 140°/60K. 

Required.—(1) TH, (2) TC, (3) PGS, (4) ETI. 

Solution (fig. 1010a).—(1) Plot the 0845 position of S and lay off its ground plot. 
From S;, the position of S at 0920, extend the final track back in the opposite direction 
to S’, using the final ground speed, locating position S’, the 0900 fictitions position 
of S. 

(2) Plot the 0900 position of P at Po. The direction P S’o is the DRM and the 
length of this line is the (MRM. 

(3) Through S83, the position of S at 1000, draw a line parallel to Po S’o. 

(4) Let Py be e and plot the wind velocity vector ew, with the wind. 
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(5) With w as the center and the prescribed TAS as the radius, swing an arc inter- 
secting the advanced collision bearing line at p. The direction of line wp, 127°, 
is the required TH. 

(6) Connect e and p. The direction ep, 122°5, is the required TC and the length 
of the line, 163K, is the required PGS. 

(7) Measure the distance PP;, 233 miles, and divide by the PGS, 163K, obtaining 
1°26™. Check by using distance S’p S,, 200 miles, and GS 140K. 

Answers.—(1) TH 127°, (2) TC 122°5, (3) PGS 163K, (4) ETI 1026. 


_BASE_COURSE 090% 
BASE SPEED 28K 





FicureE 1010b.—The average course and speed made good is used for intercepting a ship that is 
zigzagging. 


Note that the solution is the same as if aircraft S started at S’, at 0900 and con- 
tinued on TR 080°, GS 140K during the entire interception run. Since the aircraft is 
not actually at S’o, the motion from S’, to S, 1s fictitious and the aircraft which is 
imagined to move along this line is a fictitious aircraft. The fictitious aircraft S’ mects 
or intercepts the actual aircraft S at S, and thereafter both continue as one. The 
fictitious aircraft is used only to establish the DRM and MRM. 

If there are several changes of track 
or ground speed, the one at the time in- 
terce ption takes place must be used in run- 
ning back the position to the starting time. 
If doubt exists as to which leg will be the 
one on which interception takes place, a 
trial and error method can be used. With 
practice the navigator can usually esti- 
mate with considerable accuracy the 
correct leg. A quick mental solution is 
often helpful. With a number of small 
changes in the track or ground speed a 
satisfactory preliminary and sometimes ne re 
final solution can be made by using average 
track and ground speed along this average Ficure 1010c.—Vector solution for interception 
track. This is often done when intercepting with fictitious craft. 

a ship that is zigzagging (fig. 1010b). 

Alternative solution (fig. 1010c)—(1) Draw the WV vector with w at the center of 
the compass rose. 

(2) From e draw the final TR-GS vector of S, locating s. 

(3) From s draw the relative movement line in direction 180°. 

(4) With w as the center and the prescribed TAS as the radius, swing an arc to 
intersect the relative movement line at p. The direction wp, 127°, is the required TH. 


SAM Ie 
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(5) Connect ep. The direction of this line, 122°5, is the required course and the 
length, 163K, is the required PGS. 

: (6) Using SRM 112K and MRM 160 miles determine the interval for interception, 
1°26™. 

Answers.—(1) TH 127°, (2) TC 122°5, (3) PGS 163K, (4) ETI 1026. 

1011. Interception of ships is no different in principle from interception of other air- 
craft. The diagram is in somewhat different proportion because of the slower speed 
of the ship. 

Example.— 

Given.—At 1200 ship S on course (C) 030°, speed (S) 30 knots, bears 090°, distant 
160 miles from aircraft P, which is to intercept the ship, using TAS 150K. WV 000°/20K. 

Required.—(1) TH, (2) TC, (3) GS, (4) ETI. 










cs 
ORM 0390 
e( RM TEGO Aye 
6 120 160 . ; 
: Ficure 1011b.—Vector solution for inter- 
FicureE 1011la.—Interception of a ship. ception of a ship. 


Solution (fig. 1011a).—Plot the positions of the aircraft (P,) and ship (S,) at 1200 
and lay off the course line of the ship. Indicate the position of S at the end of one 
hour (S}). 

(2) Through S, draw the collision bearing parallel to PoSo. 

(3) Let Po be e and plot the wind velocity vector ew, with the wind. 

(4) With w as the center and the prescribed TAS as the radius, swing an are 
intersecting the advanced relative movement line at p. The direction of line wp, 
072°, is the required TH. 

(5) Connect e and p and continue the line until it intersects the course line of the 
ship at S.. The direction of line ep, 079°5, is the required TC, and the length of the 
line, 144K, is the required PGS. 

(6) Measure the distance PoP2, 182 miles, and divide by the PGS, 144K, obtaining 
1°16". Check by using distance S)S., 38 miles, and speed 30 knots. 

Answers.—(1) TH 072°, (2) TC 07925, (3) PGS 144K, (4) ETI 1316. 

Alternative solution (fig. 1011b).—(1) Draw the WV vector with w at the center of 
the compass rose. 

(2) From e draw the ship velocity vector, es, locating s. 

(3) From s draw the relative movement line in direction 090°. 

(4) With w as the center and the prescribed TAS as the radius, swing an arc to 
intersect the relative movement line, thus locating p. 

(5) Connect ep, the TC-PGS vector, and wp, the TH-TAS vector. 

(6) Use the SRM and MRM to determine the ETT. 

Answers.—(1) TH 072°, (2) TC 079°5, (3) PGS 144K, (4) ETI 1316. 

A line from s to w would be the velocity vector of the apparent wind as observed 
aboard ship. If this is known, it can be used for a quick solution for TH, as explained 
in article 1009, if the wind at surface level at the ship can be used for the aircraft. 
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1012. General comments on interception problems.—The key to solution of any 
interception problem is to establish the bearing and distance of the craft to be inter- 
cepted, at the time the interception run begins. If its position at a different time is known, 
it should be advanced or retired to the position at the time the interception run begins. 
If one or more changes of track or speed occurs, the final values should be used to estab- 
lish the position for an equivalent straight track and constant ground speed. In 
firure 1010a the position of aircraft S is given at 0845 and that of the intercepting craft 
P at 0900, yet the DRM is established by using the position of both (fictitious S or 
S’) at the time the interception run begins, 0900. 

When solution is made by vector diagram, a geographical plot is sometimes needed 
to establish the DRM and MRM. Such a plot is always of value to help one visualize 
the conditions of the problem and check the solution. 

If the intercepting craft is on the ground at the time the interception run begins, the 
extra time in climb should be considered. Perhaps the best method of handling such a 
situation is to estimate the time used in climb and determine the equivalent time of 
starting if full ground speed were used. Thus, if 20 minutes at GS 150K are used in 
climb and GS upon reaching flight altitude is 200K, the aircraft will travel 50 miles 
during climb. If it had been making GS 200K during these 50 miles, 15 minutes would 
have been needed to cover the distance. Thus, the DRM and MRM are determined 
for the position of the intercepting aircraft at the time of the take-off and the position 
of the craft to be intercepted, 5 minutes after take-off of the intercepting craft. The 
GS of the intercepting aircraft after reaching flight altitude is used for the solution. 
This method of solution assumes, of course, that the TR during climb is the same as 
that after reaching flight altitude. 

In any interception problem it should be remembered that both craft may not make 
good exactly the direction and speed used in the solution, and even the initial data 
might be in error. During the interception run new determinations of the bearing of 
the craft to be intercepted should be made at frequent intervals, if possible. If the 
bearing remains constant, interception will take place. If the craft to be intercepted 
draws ahead, it will reach the predicted interception point first. If it draws aft, the 
intercepting plane will arrive first. If a fictitious craft is used, a plot may be necessary 
to determine whether the bearing is remaining constant. 

If the bearing is changing, a new solution is not necessarily needed. If the craft to 
be intercepted is drawing ahead, a small change of course of the intercepting aircraft 
to lead a little more (away from the bearing line), or an increase in speed, often corrects 
the situation. Similarly, if the craft draws aft, a change of course more directly toward 
it, or a decrease in speed, may result in a constant bearing. 

Watch the bearing. It is the key to successful interception. 


Radius of Action 


1013. Introduction.— Radius of action is the distance an aircraft can fly ina specified 
direction from its base under specified wind conditions and return to the same or other 
designated base with its reserve allowance of fuel intact. For a fixed base the direction 
of flight, or track, is usually specified and the solution for the TH is the familiar wind- 
triangle problem. If the aircraft is to return by a direct route to its base, the track back 
must be the reciprocal of the track out, resulting in a second wind-triangle solution. 

Assuming no change in the wind, the solution can be simplified by combining the 
two problems. Refer to figure 1013a. A plane is ordered to leave a fixed base at e 
and scout out in direction ep,, returning at the end of T hours, using TAS wp. The 
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Ficure 1013a.—Radius of action vector diagram (fixed base). 


wind is as shown by vector ew. In solving such a problem, plot the wind vector ew. 
From e draw the course line for the outward flight, and extend it back in the opposite 
direction. With w as the center and the TAS as the radius, swing an arc to intersect 
the course lines at p, and p.. The various lines are as labeled in figure 1013a, ewp, 
being the wind triangle for the outward flight and ewp, the wind triangle for flight back. 
Since the base is fixed, DRM is the same as TC and SRM is the same as PGS. 

Because of wind the PGS out is seldom the same as the PGS in. Hence, the time 
on the two legs is not equal. If 7 is the total time, ¢, the time on the outbound flight, 
and ¢, the time on the inbound flight, 


T=t,+6 


If the distance from the base at the time of turning, or radius of action, is designated 
R; PGS, (SRM,), or the rate of departure, is designated S,; and PGS, (SRMz,), or the 
rate of return, is designated S., 


Lz and b= 


since time is equal to distance divided by speed. Since T=1t,+b, 








k,R 
eae 
Solving this equation for R we find that 
R= T(S,X S82) 
Si+ 8, 
Solving the equation Lt for R, 
1 
R=t, x S; 
Therefore 
_T(S\ X82) 
Se ar a 
Solving this for 4, 
t _ XS, 
S148, 


Thus, the time for the outbound flight is found by solving a simple formula. Solution 
can easily be made by E-10 computer by rearranging the formula in the form 


Si+8._S: 
T ty 


In this form 7 in minutes on the inner (minutes) scale is placed opposite S,+S, on the 
outer (miles) scale and ¢; is read on the inner (minutes) scale opposite S; on the outer 
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(miles) scale. Since 7=t,+t., = T7—t,. Hence, if the total time and the time out 
are known, the time in and time to turn (TTT) can be determined by subtraction. 

Example.— 

Given.—An aircraft is ordered to fly as far as possible on TC 095°, using TAS 226K, 
and return to base in 2"18™. The forecast wind is 204°/60K. 

Required.—(1) TH, and PGS, (outbound), (2) TH, and PGS, (inbound), (3) 4, 
(4) &, (5) R (distance from base at point of turn). 





FIRST LEG 


FicureE 1013b.—Radius of action from a fixed base. 


Solution (fig. 1013b).—(1) Plot the wind velocity vector with w at the center of 
the compass rose. 
(2) From e draw a line of indefinite length in the direction of the prescribed TC, 
095°, and extend it back in the opposite direction, 275°. 
(3) With w as the center and the prescribed TAS as the radius, swing arcs to 
intersect the course lines at p, and py. 
(4) The direction wp,, 110°, is the required TH;. The length ep,, 238K, is the 
required PGS,, or S}. 
(5) Similarly, the direction wp,, 261°, is TH, and the length ep,, 200K, is PGS,, 
or S>. 
(6) Find t,; by E-10 computer or by substituting in the formula 
t _ PX, 
© StS, 
_138™>¥ 200 


i — 2m __ hyn Qm 
i= 438 63 1°03 





(7) Since £=T—+t, 
t= 291 8™— 1503™=1"15™ 
(8) Find R by E-10 computer or by converting ¢; in minutes to hours by dividing 
by 60 and substituting in the formula 
Rk=tX S; 


638X238 o- ; 
= 60 =250 mi. 
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Since the distance back is the same as the distance out, this can be checked by sub- 
stituting in the relationship 


R=t.XS, 
_75X200 960 ani 
R= 60 = 250 mi. 


Answers.— (1) TH, 110°, PGS, 238K, (2) TH, 261°, PGS, 200K, (3) ¢ 1°03", 
(4) t, 1515™, (5) R250 mi. 

1014. Radius of action from a moving base.— An additional factor is involved when 
an aircraft is operating from a moving base, such as a carrier. In this case the aircraft 
returns to the moving base, rather than to the point of take-off. 

Refer to figure 1014. Line ew is the wind velocity vector. The moving base 
velocity vector, es is drawn from e. Then sw is the apparent wind velocity vector. 


ORM: 





Ficure 1014.—Radius of action vector diagram (moving base). 


In the case of a fixed base, the DRM and SRM are the same as TC and PGS. In 
the case of a moving base, however, they are not the same. Since the aircraft 1s to 
return to the moving base, the DRM in must be the reciprocal of the DRM out. Hence, 
in this case it is the relative movement line, rather than the course line, that 1s extended 
back in the opposite direction, and intersected by the TAS are to locate p, and py. 

The meaning of each of the lines should be kept clearly in mind. Vector ew represents 
the motion of the air relative to the earth (actual wind). Vector es represents the motion 
of the base relative to the earth. Vector sw represents the motion of the air relative 
to the moving base (apparent wind). This is the wind at flight level relative to the moving 
base, which is not necessarily the same as the wind observed at the moving base. The 
TH-TAS vectors (wp, and wp) represent the motion of the aircraft relative to the air. 
The TC-PGS vectors (ep, and ep.) represent the motion of the aircraft relative to the 
earth. The DRM-SRM vectors (sp, and gp2) represent the motion of the aircraft relative 
to the moving base. The aviator who can interpret his information (both that given and 
that for which he solves) in terms of these vectors should have little or no difficulty 
in solving problems of this type. 

If a search is to be conducted and the area to be searched or the directions of flight 
are defined in terms of a fixed point on the earth, the operation is called a geographic 
search, whether the base is fixed or moving. If the area or directions of flight are 
defined in terms of a point that is moving across the surface of the earth, the operation 
is called a relative search. Referring to figure 1014, the same diagram might be used 
for both geographic and relative searches, TC, being specified in the first and the 
DRM, being specified in the second. 

1015. Geographic search.— 

Exam ple.— 

Given.—A carrier is on course 000°, speed 20 knots. An aircraft is ordered to 
depart from the carrier at 0600 and scout on TC 260° at TAS 110K, returning in 1°40”. 
WV 030°/25K. 
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Required.—For each leg (1) TH, (2) TC, (3) PGS, (4) minutes on leg (¢), (5) miles 
on course (MC). 


Solution (fig. 1015a).—(1) Plot the wind velocity vector with w at the center of the 
compass rose. 


(2) From e plot the carrier velocity vector es. 

(3) From e draw a line of indefinite length in the direction of the prescribed TC, 
260°. 

(4) With w as the center and the prescribed TAS as the radius, swing an arc to 
intersect the course line at p,. 


(5) Connect p, and s and extend the line beyond s. 









FIRST LEG SECOND LEG 


a eee eee 4 
"| =e TAS/ 110 Yw ar 
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Figure 1015a.—Radius of action from a moving base (geographic search). 


(6) With w as the center and the prescribed TAS as the radius, swing an arc to 
mtersect the extended 7,8 line at pp. 

(7) Connect ep., wp,, and wp». 

(8) The various directions and speeds are as shown in the labels. SRM, is S, and 
SRM; is S.. The minutes on legs are found by E-10 computer or by solution of the 
formulas given in article 1013. 


(9) The miles on courses are determined by using the predicted ground speeds 
and minutes on legs. 


Answers.— First leg Second leg 
(65 ies be & Gee eecteae Reereds eh usrree ato a eer ene mar 270° 052° 
C2 Ct ts ee a ts ee 260° 059° 
(3) PG ies eee Seemy en Sed Seen celes 124K 87K 
(4) Min. on leg (f)_-._-.---_-_------- 38 62 
(5) MC_________- ye eee pied aes 78.5 90.5 


691-651 °—63——_15 
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The geographical plot is 
shown in figure 1015b. 

The solution for the out- 
bound leg involves a simple 
wind triangle, ewp,;. The rel- 
ative motion, shown by vec- 
tor sp,, is used only in the so- 
lution for time. If the distance 
from the carrier at any time on 
the outbound leg is desired, it 

Figure 1015b.—Geographical plot, geographic search. is found by means of the time 
and SRM. 

The solution for the inbound leg involves an interception problem. 

In this and some subsequent problems slow aircraft are used to prevent the 
diagrams for the solutions from being too congested for clarity of presentation. 

1016. Relative search.— 

Example.— 

Given.—A carrier is on course 000°, speed 20 knots. An aircraft is ordered to 
depart from the carrier at 0600 and search a maximum distance, maintaining a constant 
bearing of 260° from the carrier. The aircraft is to use TAS 110K and return at 0740. 
WV 030°/25K. 

Required.—For each leg: (1) TH, (2) DRM, (3) TC, (4) PGS, (5) min. on leg, 
(6) MC, (7) time to turn (TTT). 

Solution (fig. 1016).—(1) Plot the wind velocity vector with w at the center of the 
compass rose. 

(2) From e plot the carricr velocity vector es. 
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Figure 1016.— Radius of action from a moving base (relative search). 


(3) From s draw a line of indefinite length in the direction of the preseribed DRM{,, 
260°, and extend it back in the opposite direction. 

(4) With w as the center and the preseribed TAS as the radius, swing an arc to 
intersect the DRM lines at p,; and yr. 

(5) Connect €p;, €po, wp,, and wps. 

(6) The various directions and speeds are as shown in the labels. The minutes on 
legs are found by E-10 computer or by solution of the formulas of article 1013. The 
time to turn (TTT) is found by adding minutes on the first leg to the time at the start 
of the search. 
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(7) The miles on courses are determined by using the predicted ground speeds and 
rninutes on legs. 


Answers.— First leg Second leg 
GB Ga i 2 Re eee ee 280° 059° 
(2) DRM______________________-_-- 260° 080° 
9 aes 0 © Sameer en neared ener ne See ee eee ae 269° 067° 
(A) SRG 28 8 hi eee eee 120K 89K 
(5) Mine On lee: ou. ice 53nd beta secu 40 60 
(6) NEC ee 5 wie i ee eas 80 89 
i ee ee 0640 an 


This problem is similar to that given in article 1015 except that the prescribed direc- 
tion is that of DRM, instead of TC,. The solution for the first leg is an interception 
problem in reverse and that for the second leg the familiar interception problem. 

If the ship is to change course or zigzag, this should be considered. An aircraft 
may take off from one base (either fixed or moving) and land at another (also either 
fixed or moving). In any of these situations the solution is the same as if the aircraft 
operated from a moving base which was at the point of departure at the time of depar- 
ture and traveled by a single course and speed such as to arrive at the destination at 
the time the aircraft is due to arrive, however fast or slow such a fictitious craft would 
have to travel. 

If the ship changes course or speed and the change was not anticipated before the 
take-off, a new solution should be made in accordance with the situation. If the change 
occurs during the return flight, a new interception problem is involved. If the change 
occurs on the first leg, the original TC is maintained in a geographic search, but in a 
relative search a new solution must be made, based upon the new course and speed of the 
ship. A new turning point and new TC and heading back are determined by using a 
fictitious ship based upon the point of take-off and the estimated destination. 

1017. Alternate airport.—In preflight planning it is customary to consider the action 
that should be taken in the event that the airport at destination is closed for landings 
because of weather or other reasons. The selection of an alternate airport is usually 
required. This must be one at which an aircraft can arrive before using its reserve fuel. 
If the supply of fuel is sufficient to permit the aircraft to reach its original destination 
and then fly to its alternate airport, no problem is involved. With less fuel one must 
be able to determine the point beyond which he will have insufficient fuel to reach the 
alternate base without using his reserve supply. 

The problem can be solved by geographical search methods, assuming that the 
aircraft is operating from a moving base that is at the point of departure at the time of 
take-off and proceeds by a single course and speed so as to arrive at the alternate airport 
at the moment the fuel supply of the aircraft, less the reserve, is exhausted. The 
course from the point of departure to the original destination is considered the course 
on the first leg of the search. 

Ezxample.— 

Giwven.—An aircraft is cleared to depart at 1520 from a carrier at L 29°12’ N, 
d 77°39’ W, to fly to NAS Jacksonville, L 30°10’ N, A 81°42’ W, using TAS 120K. 
The fuel carried is sufficient for 2 hours flying time without using its reserve. In the 
event that Jacksonville is closed, the aircraft 1s to proceed to Patrick AFB, Banana 
River, Florida, L 28°13’ N, \ 80°37’ W.) WV 150°/18K. 

Required.—(1) TH, PGS, and ETA at Jacksonville. 


(2) Latest time at which the aircraft can change course for Banana River. 
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(3) TC, TH, and PGS from point of turn-off to Banana River. 

Solution (figs. 1017a and 1017b).—(1) Prepare a geographical plot showing the 
locations of the three bases (fig. 1017a), and find TC (285°) to Jacksonville. 

(2) Find TC (249°) of the fictitious ship to Banana River. Its speed (83K) is 
the distance (166 mi.) divided by the time (2°). 

(3) In the vector solution, plot the wind velocity vector with w at the center of the 
compass rose. 

(4) From e plot the fictitious ship velocity vector es. 

(5) From e draw a line of indefinite length in the direction of the TC to Jack- 
sonville. 


6zw ow ecw 79 7e°w 
NAS JACKSONVILLE 
L30°1ON 
ry Aaeew 
30°N 
L29°/2N 
\77°39'W 
520 OR 
a SHIP 
29°N 
26°N 





Figure 1017a.— Geographical plot for alternate airport problem. 


(6) With w as the center and the prescribed TAS as the radius, swing an arc to 
intersect the course line at p;. 

(7) Connect p, and s and extend the line beyond s. 

(8) With w as the center and the prescribed TAS as the radius, swing an arc to 
intersect the extended p;,s line at p». 

(9) Connect ep., wp,, and wp>. 

(10) The TH to Jacksonville is the direction wp,, 279°, and the PGS is the length 
epi, 132K. The ETA is found by using the distance to Jacksonville, 220 miles, and 
PGS,, 132K. 

(11) The latest turn-off time is found by E-10 computer or by substituting 
in the formula (art. 1013) for ¢;. From figure 1017b, S; is 82K and S, is 94K. The 
answer, 64™, is the length of time the aircraft can proceed on the original course. Since 
the aircraft is to leave at 1520, it must turn to the heading for the alternate airport not 
later than 1520+ 64™= 1624. 
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(12) The TC to Banana River is the direction ep,, 191°, and the TH is the direc- 
tion wp,, 185°. The PGS is the length ep,, 106K. 

(13) As a check, locate the 1624 DR position on the geographical plot, and with 
the TC (191°) from the speed vector diagram, plot the course line, which should pass 
through the position of Banana River. As an additional check, measure the distance 
from the turn to Banana River, 98 miles. With this and PGS, (106K), determine the 
flight time, 56", exactly that made possible by the remaining fuel. 

Answers.—(1) TH 279°, PGS 132K, ETA 1700; (2) Latest time to turn 1624; 
(3) TC 191°, TH 185°, PGS 106K. 


FIRST LEG e~ 





Fa 


FiGurE 1017b.—Velocity vector diagram for alternate airport problem. 


1018. Graphical solutions for time.—Since R=t,X<S, and also equals t.XS, 
(art. 1013), 


ixS,;=XS8, 
Transposing 
tot, 
S, S, 


This is a mathematical way of saying that the times on the two legs (¢, and ¢,) are 
inversely proportional to the speeds of relative movement, or that the minutes on 
the first leg are proportional to the speed on the second leg and vice versa. This 
relationship can be used for graphical solutions for the minutes on legs. 

First method (fig. 1018a).—The diagram of figure 1015a is repeated in figure 1018a. 
From either p, or p; (p. in fig. 1018a) a line is drawn at any convenient angle and of 
such length that it contains the same number of units (to any convenient scale) as 
there are minutes in 7’, the total time of flight. The end of this line is connected with 


224 RELATIVE MOVEMENT 


P: (ps if the first line 1s drawn from p,). From s,a line is drawn parallel to Tp,, inter- 
secting p,J at T’. The length p.7T’, to the scale used, is ¢,; and the length T’T is ¢,. 
For greatest accuracy, the line p7' should be of approximately the same length as p,p,; 
and drawn at such angle that p,p;7” forms an approximate isosceles triangle. 


FIRST LEG 


TAS: 110 





FicurE 1018a.—Graphical solution for time. 


Second method (fig. 1018b).—The diagram of figure 1016 is repeated in figure 1018b. 
Connect sw, the apparent wind vector. Draw a line parallel to p,p., intersecting the 
TH-TAS vectors. It should be located by trial and error such that the number of 
minutes in 7, to any convenient scale, is exactly included between the TH-TAS 








Pi a. 2 











FicurRE 1018b.—Graphical solution for time, alternative method. 


vectors. It may sometimes be convenient to extend these vectors so that the 
parallel line falls outside the triangle wp,p.. The length of the parallel line between 
the TH.-TAS, vector and the apparent wind vector (extended if necessary) is ¢,, the 
remainder being ¢;. Greatest accuracy is obtained by making the parallel line of 
maximum length. 
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Sector Searches 


1019. Introduction.—The area searched by a single aircraft can be increased if the 
aircraft is assigned a sector, rather than a single TC or line of bearing. Such a sector 
is covered on three legs. The first and third legs are usually along prescribed course or 
bearing lines from a fixed or moving base. The second leg connects the first and third. 
The lengths of the first and third legs may be to prescribed distances, or the time for 
the entire flight may be specified and the lengths of the first and third legs determined 
by solution. When such a combination of courses is followed, the operation is called 
a sector search. 

Search sectors are usually stated in terms of (1) the first and second bearings 
from the base, and (2) the length of the first and third legs or the total time of flight. 
Figure 1019 illustrates a sector along 
bearings 120° and 090° for a distance 
of 100 miles. The bearings are custom- 
arily given in the order in which they 
are to be flown and the sector is some- 
times stated as from the first bearing to 
the second. 

1020. Sector search from a fixed 
base.—When sector searches originate 
and end at a fixed base, the first bear- 
ing is the prescribed course for the first Ficure 1019.—A typical sector search pattern. 
leg, and the second bearing 1s the recip- 
rocal of the prescribed course for the third leg. The direction and length of the 
second leg is customarily found by measurement on a geographical plot. 

However, the direction of the second leg can be determined mentally by adding 
or subtracting 90° from the bearing midway between those specified. Thus, in figure 
1019 the specified bearings are 120° and 090°. The bearing midway between these is 
105°. The course for the middle leg is 105°—90°=015°. If the 090° bearing were 
to be flown first, the course for the second leg would be 105°+90°=195°. If the 
second bearing is smaller than the first, 90° are subtracted, and if the second is larger, 
90° are added. That is, 90° are always applied in the direction of the second bearing. 

Since bearing lines from a fixed point are involved, a sector search from a fixed base 
is always a geographic sector search. 

Example.— 

Given.—An aircraft is ordered to leave NAS San Dicgo, L 32°42’ N, A 117°13’ W, 
at 1330 and search a sector from 250° to 280° for a distance of 125 miles from base, 
and return, using TAS 1LIOK. WV 040°/25K. 

Required.—For each leg: (1) TC, (2) TH, (3) PGS, (4) miles on course (MC), 
(5) min. on leg, (6) time to turn (TTT), (7) ETA at base. 

Solution.—(1) (fig. 1020a.) Prepare a geographical plot by plotting the position 
of NAS San Dicgo, drawing lines in the directions of the two bearings and for a distance 
of 125 miles, and connecting the ends. The courses for the three legs are 250° (given), 
355° (by measurement), and 100° (reciprocal of second bearing). 

(2) (fig. 1020b.) In the vector solution plot the wind velocity vector with w at 
the center of the compass rose. 

(3) From e draw lines of indefinite length in the directions of the three courses. 

(4) With w as the center and the prescribed TAS as the radius, swing arcs to 
intersect the course lines at p,, p2, and 73. 
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Ficure 1020a.—Preliminary geographical plot, geographic sector search from a fixed base. 


(5) Connect w with p,, p2, and p3;. The directions of these lines are the required 


true headings. 
(6) The lengths of lines ep,, ep., and ep; are the required predicted ground speeds. 


(7) The miles on courses one and three are given as 125. The MC for the second 


leg, 65, are found by measurement in figure 1020a. 
(8) The minutes on each leg are found by E-10 computer or arithmetically, 


using the miles on course and the PGS. 
(9) The times to turn and ETA at base are found by adding the minutes on each 


leg to the time of starting the leg. 
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FicureE 1020b.—Vector diagram, geographic sector search from fixed base. 
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Answers .— Ist leg 2d leg 3d leg 
(l) VCs 24 oe 5 seisew sc eneeceoene 250° 355° 100° 
2) Oe il 2 SEeeetrereeeee ent anes tatee se ener ener ee 256° 004° 089° 
(3) (PGS s3 262 set Soe eee 131K 91K 95K 
A) NN at ct oh ae Rept he sa 125 65 125 
(5) Min. on leg__.-_-------------- 57 43 79 
(6) PT Nae ates eee et butte 1427 1510 ere 
(7) ETA at base____._-.---.------ me Susth ae 1629 
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FicureE 1020c.—Final geographical plot, geographic sector search from fixed base. 


It is customary before starting a search to prepare a geographical plot of the flight, 
noting the times to turn and marking each leg at convenient intervals, as every 12, as 
shown in figure 1020c, so that an approximate DR at any time can be determined by in- 
spection. The plots of figures 1020a and 1020c are customarily combined in a single plot. 

1021. Sector search with total time prescribed.—When the total time of flight is 
prescribed or limited by fuel or other considerations, the lengths of the three legs are 
unknown. However, their directions are known. Whatever the length of the lines, 
they remain in the same proportion to each other. Refer to figure 1021a. The sector 
might be flown from A to B to C to A. But if AB is increased 50 percent to AB’, 
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Figure 1021a.—Elements of a trial solution are proportional to those of the actual problem. 
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Figure 1020a.—Preliminary geographical plot, geographic sector search from a fixed base. 


(5) Connect w with p,, p:, and p3. The directions of these lines are the required 
true headings. 

(6) The lengths of lines ep,, ep:, and ep; are the required predicted ground speeds. 

(7) The miles on courses one and three are given as 125. The MC for the second 
leg, 65, are found by measurement in figure 1020a. 

(8) The minutes on each leg are found by E-10 computer or arithmetically, 
using the miles on course and the PGS. 

(9) The times to turn and ETA at base are found by adding the minutes on each 
leg to the time of starting the leg. 
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Figure 1020b.—Vector diagram, geographic sector search from fixed base. 
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Answers .— 1st leg 2d leg 3d leg 
Ce a fae hd ae ee eh 250° 355° 100° 
(V2 i i o Rene egeereete ns ean ear Ute ee ee 256° 004° 089° 
(3) PGS2 5236655 52hseccee2uececoc 131K 91K 95K 
CS ae EG eee eee ee ne eer eee oe 125 65 125 
(5) Min. on leg__..__..--_-------- 57 43 79 
(GO) es ee ee eee es 1427 1510 er 
(7) ETA at base_..____--_-------- Beit dete 1629 
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FicurE 1020c.—Final geographical plot, geographic sector search from fixed base. 


It is customary before starting a search to prepare a geographical plot of the flight, 
noting the times to turn and marking each leg at convenient intervals, as every 127, as 
shown in figure 1020c, so that an approximate DR at any time can be determined by in- 
spection. The plots of figures 1020a and 1020c are customarily combined in a single plot. 

1021. Sector search with total time prescribed.— When the total time of flight is 
prescribed or limited by fuel or other considerations, the lengths of the three legs are 
unknown. However, their directions are known. Whatever the length of the lines, 
they remain in the same proportion to each other. Refer to figure 1021a. The sector 
might be flown from A to B to Cto A. But if AB is increased 50 percent to AB’, 
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FicurE 1021a.—Elements of a trial solution are proportional to those of the actual problem. 
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B’C’ is also 50 percent more than BC and C’A is 50 percent more than CA. If AB 
is doubled to AB’’, B’’C”’ is also double BC and C’’A is double CA. 

This suggests a simple method of solution. Any arbitrary distance AB is used 
and solution made as in article 1020. Since time is proportional to distance, the time 
for each leg and the total time are proportional to the sides of the triangle. Thus, if 
in the trial solution the total time is found to be ¢ and the total time available for 
the flight is 7, the time and distance on each leg can be determined by multiplying the 


value found in the trial solution by the proportion 7 ; 


Example.— 

Given.—The same data as for the example in article 1020, except the search is to 
be completed in 4 hours and the lengths of the first and third legs are not specified. 

Required.—For each leg: (1) MC, (2) min. on leg, (3) TTT, (4) ETA at base. 





FicureE 1021b.—Distances in the trial solution and actual problem are proportional. 


Solution (fig. 1021b).—(1) Assume a length of 125 miles for the first and third 
legs and solve as in article 1020. 

(2) The total time for the trial solution is 1629—1330=2559™, or 179™. The total 
time prescribed is 4 hours, or 240". Hence, to find the miles on course for each leg 

; ; : 2 
multiply the MC of the trial solution by ae 

N , ; 
the proportion _ ae where MC, is the required actual MC and MCf¢ is the MC of 
T 


For solution by E-10 computer, use 


the trial solution. Set 240 on the inner scale opposite 179 on the outer scale. Then 
find the required miles on course for each leg on the inner scale opposite the MC of the 
trial solution for the same leg on the outer scale. Follow the same procedure for the 
minutes on course, or these can be determined by means of the MC and PGS. 


Answers.— Ist leg 2d leg 3d leg 
CD EN Ce he iam Bales tec sn blast 167 87 167 
(2) Min.-on le@_. 2. snc ee ewetecee 76 58 106 
CO) NE te ok eee te ates rae et tort ot toe 1446 1544 


AVE TA GE ASD csp soeeeoearsray See aes a a 1730 
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1022. Geographic sector search from moving base.—This type of problem is a 
combination of a geographic sector search and an interception. As shown in figure 
1022a, the aircraft flies the first two legsof a geographic sector and then flies a course 
to intercept the carrier. It is customary to fly the first leg along the bearing farthest 
from the course of the ship. Otherwise, an inefficient pattern results, as shown in 
figure 1022b. 

Ezxample.— 

Given.—An aircraft which is orbiting a carrier on course 020°, speed 24 knots, is 
ordered to search a sector between bearings 250° and 280° from the 1330 position 
of the ship to a distance of 125 miles, using TAS 110K. WV 040°/25K. 

Required.—For the third leg: (1) TC, (2) TH, (8) PGS, (4) MC, (5) min. on 
leg, (6) ETI. 

Solution (figs. 1022c and 1022d).—(1) The solution for the first two legs is identical 
with that explained in article 1020. 





F1GURE 1022a.—Simplified geographical plot for a typical geographic sector search from a moving base. 
The area searched is not actually a sector. 





FiGurE 1022b.—The aftermost bearing should be flown first for efficient searching. 
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FiGurE 1022d.—Vector diagram for geographic sector search from a moving base. 
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(2) At 1510 the aircraft completes the second leg. Make a geographical plot (fig. 
1022c) and advance the 1330 DR position of the ship to 1510. The direction of the line 
from the 1510 position of the aircraft to the 1510 position of the ship, 083°5, is the 
DRM for the third leg, and the length of this line, 137.5 miles, 1s the MRM. 

(3) In the vector solution, figure 1022d, plot the wind vector and the velocity 
vectors for the first two legs as explained in article 1020. 

(4) From e plot the velocity vector of the ship, es. 

(5) From s draw a line of indefinite length in the direction of the DRM, 083°5. 

(6) With w as the center and the prescribed TAS as the radius, swing an arc 
intersecting the relative movement line at 73. 

(7) Connect ep; and wp;. The directions and distances, obtained by measure- 
ment, are as shown in figure 1022d. 

(8) Find the MC by measurement on the geographical plot (fig. 1022c). 

(9) Find the minutes on leg by E-10 computer or arithmetically, using MC and 
PGS for the third leg. 

(10) Find the ETI by adding the minutes on leg to the time of starting the leg. 

Answers.—(1) TC 069°5, (2) TH 063°, (3) PGS 87.5K, (4) MC 162, (5) min. on 
leg 111, (6) ETI 1701. 

1023. Geographic sector search from moving base, with limiting time.— When the 
total time is specified, the procedure used is similar to that specified in article 1021. 
That is, since all parts of the solution are in the same proportion regardless of the dis- 
tance or time, arbitrary values are assumed and a trial solution is made and all distances 


ry 


and minutes on leg multiplied by 7 


Example.— 

Given.—The same data as for the example in article 1022, except that the search is 
to be completed in 4 hours and the length of the first leg is not specified. 

Required.—F¥or each leg: (1) MC, (2) min. on leg, (3) TTT, (4) ETI. 

Solution (fig. 1023).—(1) Assume a length of 125 miles for the first leg and solve as 
in article 1022. 

(2) The total time for the trial solution is 1701—1330=3531", or 2117. The total 
time prescribed 1s 4 hours, or 240". Hence, to find the miles on course for each leg 


multiply the MC of the trial solution by _ Follow the same procedure for minutes 
on course and check by means of the MC and PGS for each leg. 


Answers .— Ist leg 2d leg 3d leg 
C1 VEC sos oats et bine BS 142 74 184 
(2) Min. on leg____-._------------ 65 49 126 
G5) Dias 0 Di aan 1435 1524 tet 
(C9 has ch 0) Capea ne aa ee een ae eee & ate 1730 


1024. Relative sector search with limiting distance.—In a geoeraphic sector search 
each turning point, being a specified direction and distance from a fixed geographical 
position, is itself a fixed point relative to the earth. In a relative sector search the 
turning points are defined in terms of direction and distance from a moving point. 
Hence, each point is fixed in relation to the moving point, but relative to the earth it 
moves in the same direction and at the same speed as the reference point. 

Thus, if an aircraft 1s to fly along a limiting bearing of a relative sector from a 
carrier, its TC must be such that the aircraft is always on the same bearing from the 
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Figure 1023.—Geographical plot for geographic sector from a moving base, with limiting time. 


carrier as the latter proceeds on its course. That is, DRM, rather than TC, is specified. 
A relative sector search problem is solved by means of DRM, SRM, and MRM to 
determine the minutes on each leg, instead of TC, GS, and distance. The miles on 
course are found by PGS and time. The length of a relative sector is set either by a 
limiting distance or a limiting time. 

Exrample.— 

Given.—An aircraft is cleared to fly a relative sector from a carrier on course 020°, 
speed 24K, between constant bearings of 250° and 280° to a distance of 125 miles, at 
TAS 110K, starting at 1330 and returning to the ship at the end of the search. WV 

- 040°/25K. 

Required.—For each leg: (1) 
DRM, (2) MRM, (3) TC, (4) TH, 
(5) PGS, (6) min. on leg, (7) MC, 
(8) "CET, @) ETI. 

Solution.—(1) (fig. 1024a.) 
Make a relative plot of the sector 
to find the DRM and MRM of 


the second leg. 


(2) (fig. 1024b.) In the 
vector solution plot the wind ve- 
locity vector with w at the center 
Ficure 1024a.—Relative plot for relative sector search. of the compass rose. 
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(3) From e plot the velocity vector of the ship, es. 

(4) From s draw lines of indefinite length in the three directions of relative move- 
ment determined from the relative plot (fig. 1024a). 

(5) With w as the center and the prescribed TAS as the radius, swing arcs 
to intersect the relative movement lines at p,, p2, and 73. 

(6) Connect e and w with 7,, p2., and p3;. The directions and speeds represented by 
these lines are as indicated in figure 1024b. 






SECOND LEG 





a 


THIRD LEG 






FIRST LEG 





Fiacure 1024b.—Vector diagram for relative sector search. 


(7) Divide the MRM on each leg by the SRM to find the minutes on each leg. 

(3) Find MC on each leg by E-10 computer or arithmetically, using the minutes 
on course and PGS. 

(9) Find the TTT and ETI by adding the minutes on each leg to the time of start- 
ing the leg. 

(10) (Fig. 1024c.) Check by drawing a geographical plot. 


Answers.— 1st leg 2d leg Sd leg 
Cl) SO RM tea tits fe eae ee ce 250° 355° 100° 
CO IN IN i 5 tle ea dena esata Sl 125 65 125 
Ce es, Ses Se eet ee 258° 001° 085° 
(SAEs be au eseere eae eaten vege ee) Sreaen er are 266° 009°5 076° 
Cy) PRG att eee eee ee eee 129k 89.5K 91K 
(6) Min. on leg. _.-.------_----_---- 53 58 90 
Cy INC oes Bi ese Se chen 113 87 136 
3) ame Did sd Spa nee en toe ne rene Cee 1423 1521 clos 
(9) HO bess p eee eee tee ee ee 1651 


1025. Relative sector search with limiting time.—When duration of flight is speci- 
fied, rather than sector length, the trial solution method explained in article 1021 1s used. 

Erample.— 

Given.—The same data as for the example in article 1024, except that the search is 
to be completed in 4 hours and the sector length is not specified. 
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Ficure 1024c.— Geographical plot for relative sector search. 


Required.—For each leg: (1) MRM, (2) min. on leg, (3) MC, (4) TTT, (5) ETT. 

Solution —(1) Assume MRM 125 for the first leg and solve as in article 1024. 

(2) The total time for the trial solution is 1651—1330=3"21", or 2017. The total 
time prescribed is 4 hours, or 240". Hence, to find the MRM, min. on leg, and MC, 


40) 
multiply the corresponding values in the trial solution by sai 


Answers.— 
Ist leg 2d leg Sd leg 
CI IVT Mie alse! cept ee, Sethe eats 149 77.9 149 
(2) NIA ON NOG so. ee oe Cee oe 63.5 69 107.5 
(BM Chie eee ee 132.5 104 162 
C'S ee Gl BS eeaerenry tenn eyecare at ere are 1433.5 154230 “wiekeees 
CO ee reiterates. deere 1730 


1026. Rectangular search.—A modification of the relative sector search arises when 
the aircraft is ordered to search three sides of a rectangular area while the ship searches 
the fourth side, as shown in figure 1026a. This is essentially a simple geographic pattern 
because the aircraft leaves the position of the ship and flies the legs as geographic 
courses, the third leg being determined by the position of the ship at the end of the 
assigned time of flight. 

The headings and ground speeds are found by drawing a vector diagram as in figure 
1026b. 

Exam ple.— 

Given.—An aircraft is ordered to fly a rectangular search to the left of a carrier on 
course 015°, speed 30K, using TAS 110K, starting at 1000 and returning at the end 
of 3 hours. WV 150°/120K. 

Required —For each leg: (1) TC, (2) PGS, (3) TH, (4) min. on leg, (5) MC, (6) 
TTT, (7) ETI. 

Solution.—Plot the wind velocity vector with w at the center of the compass rose. 

(2) The TC for the first leg is 90° to the left of the ship’s course or 015°—90°= 285°. 
The TC for the second leg is the same as that of the ship, 015°. The TC for the third 


-= 
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FicureE 1026a.—Geographical plot for rectangular search. 


leg is the reciprocal of that for the first leg, or 285°—180°=105°. From e draw lines 
of indefinite length in the directions of the three course lines. 

(3) With w as the center and the prescribed TAS as the radius, swing arcs intersect- 
ing the course lines at p,, p2, and p3. 


SECOND LEG 
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Ficure 1026b.—Vector diagram for rectangular search. 
691-651 °—63——__16 
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(4) Connect w with p,, pe, and p3. The directions of these lines are the required 
true headings. The lengths of lines ep,, eps, and ep; are the predicted ground speeds. 

(5) Find the time for the second leg first, using the distance traveled by the ship 
in 3 hours, or 3X30=90 miles, and the PGS, 123K, for the second leg. Subtract the 
time for the second leg, 44™, from the total time, leaving 2° 16™ for the first and third 
legs. Since the time on each of these legs is inversely proportional to the PGS, the 
formulas of article 1013 apply. In this case PGS for the first leg is S,, and PGS for the 
second leg is S,. Using the E-10 computer, set 218 (S,;+S,) on the outer scale 
opposite 2° 16™ or 136™ (7) on the inner scale and opposite 95 (S,) on the outer scale 
read 59” (¢,) on the inner scale. Since b= 7T—t,, 2=136"—59"=77". 

(6) The MC for the second Ieg is the same as that of the ship for the entire search, 
90 miles. Find the MC for the first and third legs by means of the PGS and the 
minutes on each leg. They should be equal. 

(7) Find the TTT and ETI by adding the minutes on each leg to the time of 
starting the leg. 


Answers.— 
1st leg 2d leg Sd leg 
Cn ee es Eee es 285° 015° 105° 
(2). POO es oe ere ore 123K 123K 95K 
Cy ee ee tee 278° 022° 112° 
(4) Min. on leg. ___._-.-_-22--- eee 59 44 77 
(SONG oecctiue een eo ete ae 121 90 121 
Con ed Dl isd (esters renee On 1059 1143 ane 
eae Oe by eeeerenan arene rene eee ee ener e so iota Rees 1300 


Square Searches 


1027. Geographic square search.—Whien it is desired to locate an object whose 
approximate position is known, as an aircraft forced down at sea, it is customary to 
proceed first to the most probable position of the object and if the object is not sighted, 
to start a geographic square search. 

The first leg of a square search (fig. 1027a) is customarily upwind for a distance of 
twice the distance at which the object can be seen. A 90° turn is then made, usually 
to the left, and again a distance twice the visibility is flown. Another 90° turn in the 
same direction is made and a leg four times the visibility is flown. The fourth leg, 
after another 90° turn, is also four times the visibility. Succeeding legs are made in 
the same manner, legs five and six being six times the visibility; seven and eight, eight 
times the visibility, and so on. 

The first leg is flown upwind to simplify the solution. Since the aircraft is flying 
directly into the wind, the course and heading are the same and the ground speed is 
the TAS minus wind speed, which can be calculated mentally. Moreover, only one 
wind problem need be solved. 

I’ram ple.— 

Given.—An aircraft reaches the most probable position of a life raft at 1400 and, not 
sighting the raft, starts a geographic square search, using TAS 115K. WV 030°/22K, 
visibility 10 miles. 

Required.—For each of the first four legs: (1) TC, (2) PGS, (3) TH, (4) MC, 
(5) min. on leg, (6) TTT. 

Solution (fig. 1027a).—(1) Make a geographical plot. On the first leg the aircraft 
flies directly into the wind. Hence, the TC and TH are identical and numerically the 
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same as the direction from which the wind blows, 030°. The PGS is 115 K—22K=93K. 
The first leg is twice the visibility or 20 miles, requiring 13" at PGS 93K. The TTT is 
then 1400+ 13"=1413. 

(2) The TC on the second leg is 90° to the left of that for the first leg or 030°— 
90°=300°. By wind-triangle solution (fig. 1027a) the TH is found to be 311°, the pre- 
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Ficure 1027a.—A geographic square search. 


dicted drift angle (PDA) 11° L, and the PGS 113K. From the geographical plot the 
MC is seen to be 20 miles, requiring 1075 at PGS 113K. The TTT is 1413+1075= 
1423.5. 

(3) On the third (downwind) leg the TC and TH are identical and numerically 
the same as the direction in which the wind blows, 210°. The PGS is 115K+22K= 
137K. The time to fly four times the visibility (40 miles) is 1775. Hence, the TTT 
is 1423.5+1775=1441. 

(4) The TC on the fourth leg is the reciprocal of that on the second leg, or 300°— 
180°=120°. The drift angle is numerically the same, but in the opposite direction. 
Hence, TH is 120°—11°=109°. The PGS is the same as on the second leg, 113K, 
and since the distance is 40 miles, the minutes on leg is 21 and the TTT is 14414+217= 
1502. 


Answers.— 

Ist leg 2d leg 3d leg Ath leg 
Cy) eG as ore ease ype ees et 030° 300° 210° 120° 
(2) PGs 2 on Sete ese eee 93K 113K 137K 113K 
Oe oer te ert Bi Sela, Sets 030° 311° 210° 109° 
CO | C Ane Beeson Saar a 20 20 40 40 
(5) Min OR 1O0 22 oot eb see hoe 13 10.5 17.5 21 
(6) TTT_______- et lg Bates 1413 1423.5 1441 1502 


On each succeeding leg the TC, PGS, and TH repeat those found above. The 
MC in each case is that of the previous leg in the same direction plus four times the 
visibility, in this case 40 miles. If the time needed to cover 40 miles in each of the four 
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Ficure 1027b.—It is sometimes preferable to make right turns in a square search. 


directions is determined, the time for each leg can be found by adding the times for 
40 miles to the minutes on leg for the previous leg in the same direction. 

It was stated above that in carrying out a geographic square search, turns are 
usually made to the left. It is sometimes desirable to depart from this rule. Thus, 
if the second leg would carry the aircraft back into an area already flown over, it is 
better to make turns to the right (fig.1027b). Moreover, when the search is for a small 
object, areas of low visibility should be searched first because, since the object was 
not found in an area of good visibility, it may be located in the area of poor visibility, 
and that area should be searched at once. Also, at dawn or dusk the visibility away 
from the sun is usually better than that toward the sun. 

Summarizing, the odd numbered legs are upwind or downwind, with heading and 
track identical; the PGS upwind is TAS minus wind speed; PGS downwind is TAS plus 
wind speed. Even numbered legs are directly crosswind ; PGS is the same in both direc- 
tions; the drift angle is of the same magnitude on both legs but in opposite directions. 

All of the above calculations can be done during the first leg, and the attention 
of the navigator can then, if necessary, be devoted to observation of the surface. 

1028. Relative square search.—A geographic square search is suitable only if the 
object sought is stationary or nearly so. For a moving object, such as a ship under 
way, the search pattern should allow for the motion, resulting in a relative square 
search. This is done by determining the apparent wind (fig. 1028a). As stated in 





Figure 1028a.—Apparent wind. 
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article 1011, this is found by drawing ew, the wind velocity vector; from e drawing es, 
the ship velocity vector; and then drawing sw the apparent wind velocity vector. 

The apparent wind having been determined, the solution proceeds as for a geo- 
graphic square search, except that the geographical plot (fig. 1027a) becomes a relative 
plot, DRM being substituted for TC, SRM for PGS, and MRM for distance. 

Example.— 

Given.—The pilot of a patrol aircraft expects to rendezvous with a carrier at 1200. 
The carrier is on course 250°, speed 27 knots. The pilot does not make rendezvous 
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Figure 1028b.—Vector diagram for relative square search. 


as expected, and commences a relative square search at 1200, using TAS 110K. WV 
320°/20K, visibility 10 miles in all directions. 

Required.—(1) Direction and speed of the apparent wind. For each of the first 
four legs: (2) DRM, (3) SRM, (4) TH, (5) TC, (6) PGS, (7) MRM, (8) min. on leg, 
(9) TTT. 

Solution (fig. 1028b).—(1) Draw the wind velocity vector with w at the center of 
the compass rose. 

(2) From e draw the ship velocity vector es. 
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(3) Connect sw. The direction of this line is the direction in which the apparent 
wind blows. It is then from the reciprocal. or 279°. The length sw is the speed of 
the apparent wind, 39K. 

(4) From s draw lines of indefinite length in the direction from which the apparent 
wind blows, in the opposite direction, and in both directions perpendicular to these 
lines. These four lines are in the directions of relative movement for the various legs. 

(5) With w as the center and the prescribed TAS as the radius, swing arcs to 
intersect the relative movement lines at 7, po, p3, and py. Connect e and w with each 
of these four points. In each case sp is the DRM-SRM vector, ep is the TC-PGS 
vector, and wp is the TH-TAS vector. 

(6) The MRM is twice the visibility, or 20 miles, for the first two legs and four 
times the visibility, or 40 miles, for the third and fourth legs. 

(7) Determine the minutes on each leg by means of the MRM and SRM for each 
leg. 

(8) Determine the TTT by adding the minutes on each leg to the time of starting 
the leg. 

Answers.—(1) Apparent WV 279°/39K. 

Ist leg 2d leg Sd leg 4th leg 


OVID RM icc cect ectuot ace 279° 189° 999° 009° 
(3); OR Natasa toe hele 71K =6103K = =6149K 103K 
CA: (een ena reenter em 279° 209° 099° 349° 
Gos Oe ee ne ae eee 271° 200° = «105° 345° 
(6) PQSb 2 ese eset oe teres 96K 118K 126K 93K 
(7) MRM_________-_-_---------- 20 20 40 40 
(8) Min. on leg. __-------------- 17 12 16 23 
(OPA 232s easieeeebeereeee 1217 1229 1245 1309 


A relative plot is sometimes helpful in visualizing the problem. It would appear 
as in figure 1027a, except that the distances are relative, the label TC is changed to 
DRM, and the label PGS to SRM. 
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Ficure 1028e.—Geographical plot for relative square search. 
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The geographical plot of the example given above is shown in figure 1028c. Its 
effectiveness in covering the area is shown in the figure. Since rendezvous was not 
made as anticipated, either the ship or aircraft was not at the prediced position at 1200, 
or both were out of position. The diagram shows three possible positions of the ship rel- 
ative to the aircraft at 1200, with later positions of both ship and aircraft for each initial 
position, indicating that in each instance the aircraft passes close to the ship at some point 
in the search pattern. 

Miscellaneous 


1029. Group searches.— When more than onc aircraft is available, a search pattern 
is selected to produce maximum effectiveness. Each situation should be analyzed 
separately, to select the pattern that best fits 
the individual conditions. Some types, such 
as a sector search, lend themselves naturally to 
group searcbing, individual aircraft being as- 
signed adjacent sectors. An expanding square 
search, on the other hand, is particularly 
applicable to a single aircraft. 

When a number of aircraft participate in 
searching bearing lines from the base, a radial 
search (fig. 1029a) results, aircraft being assigned 
directions of search several degrees apart. The 
length of the search legs, the number of degrees 
between adjacent lines, and the total sector 
covered depend upon individual circumstances. 
If individual aircraft fly out and back along the 
same radial, each aircraft flies an out-and-in 
search. If each aircraft flies out one radial and  Ficure 1029a.—A radial search pattern. 
back another, it flies a sector search. 

If a radial search is to be extended in a certain direction, a radial-parallel search 
pattern (fig. 1029b) may be used. In this case a radial search pattern is followed for a 
certain distance, at which the various aircraft take parallel courses. If the parallel 
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Figure 1029b.—A radial-parallel search pattern. 
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(3) Connect sw. The direction of this line is the direction in which the apparent 
wind blows. It is then from the reciprocal. or 279°. The length sw is the speed of 
the apparent wind, 39K. 

(4) From s draw lines of indefinite length in the direction from which the apparent 
wind blows, in the opposite direction, and in both directions perpendicular to these 
lines. These four lines are in the directions of relative movement for the various legs. 

(5) With w as the center and the prescribed TAS as the radius, swing arcs to 
intersect the relative movement lines at p;, D2, p3, and py. Connect e and w with each 
of these four points. In each case sp is the DRM-SRM vector, ep is the TC-PGS 
vector, and wp is the TH-TAS vector. 

(6) The MRM is twice the visibility, or 20 miles, for the first two legs and four 
times the visibility, or 40 miles, for the third and fourth legs. 

(7) Determine the minutes on each leg by means of the MRM and SRM for each 
leg. 

(8) Determine the TTT by adding the minutes on each leg to the time of starting 
the leg. 


Answers.—(1) Apparent WV 279°/39K. 
1st leg 2d leg Sd leg 4th leg 


(2) DR Mig eee sec ae 279° 189° 099° 009° 
(BV SRM 2 eeccntcncouncesOee eens s 71K 103K 149K 103K 
CAN aes ces ee ces eee Die a sane 279° 209° = 099° 349° 
G3 ad EO eee eee een ee eee 271° 200° 105° 345°5 
(6) PG Seay ete ieee eee 96K 118K 126K 93K 
CP) NETO ie oot ot eo eit eed ee 20 20 40 40 
(8) Min. on leg. _-_-.----------- 17 12 16 23 
CO eT ee eae eee ee 1217 1229 1245 1309 


A relative plot is sometimes helpful in visualizing the problem. It would appear 
as in figure 1027a, except that the distances are relative, the label TC is changed to 
DRM, and the label PGS to SRM. 
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FicureE 1028c.—Geographical plot for relative square search. 
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The geographical plot of the example given above is shown in figure 1028c. Its 
effectiveness in covering the area is shown in the figure. Since rendezvous was not 
made as anticipated, either the ship or aircraft was not at the prediced position at 1200, 
or both were out of position. The diagram shows three possible positions of the ship rel- 
ative to the aircraft at 1200, with later positions of both ship and aircraft for each initial 
position, indicating that in each instance the aircraft passes close to the ship at some point 


in the search pattern. 
Miscellaneous 


1029. Group searches.— When more than onc aircraft is available, a search pattern 
is selected to produce maximum effectiveness. Each situation should be analyzed 
separately, to select the pattern that best fits 
the individual conditions. Some types, such 
as a sector search, lend themselves naturally to 
group searcbing, individual aircraft being as- 
signed adjacent sectors. An expanding square 
search, on the other hand, is particularly 
applicable to a single aircraft. 

When a number of aircraft participate in 
searching bearing lines from the base, a radial 
search (fig. 1029a) results, aircraft being assigned 
directions of search several degrees apart. The 
length of the search legs, the number of degrees 
between adjacent lines, and the total sector 
covered depend upon individual circumstances. 
If individual aircraft fly out and back along the 
same radial, each aircraft flics an ouwt-and-in 
search. If each aircraft flies out one radial and = Figure 1029a.—A radial search pattern. 
back another, it flies a sector search. 

If a radial search is to be extended in a certain direction, a radial-parallel search 
pattern (fig. 1029b) may be used. In this case a radial search pattern is followed for a 
certain distance, at which the various aircraft take parallel courses. If the parallel 
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FicureE 1029b.—A radial-parallel search pattern. 
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J-Radius of visibility 


Scouting 
Distance 


Line of retirement 


Scouting 
Interval 





FicurE 1029c.—A parallel search pattern. 


courses are to be equally spaced, the distance for various aircraft to fly along their 
radials differs. The individual routes can be determined graphically, by drawing the 
parallel courses and radials at the desired intervals and requiring each aircraft to 
change course at the intersection of the two lines. For each aircraft the search has 
four legs if it returns by the same route, and five legs if it returns by an adjacent route. 

For a rectangular area a straight parallel search (fig. 1029c) is often the most 
effective. Each aircraft flies to its assigned position along a line of departure, at which 
the search begins. When it reaches the limit of the area to be searched, it turns 
back at the line of retirement. The search is completed at the line of return which 
may or may not coincide with the line of departure. From the line of return the plane 
proceeds directly to the base. The line of return may coincide with the line of retire- 
ment, particularly if the base is approximately midway between the line of departure 
and the line of retirement, or if the aircraft return to a second base. 

A line on which scouts are located while scouting in formation is called scouting 
line, which may be curved or straight. The lateral distance between adjacent aircraft 
on the scouting line is called scouting distance, and if a series of flights is to be made 
over the same route, the fore-and-aft distance between adjacent aircraft is called scout- 
ing interval. The lateral distance searched, from the left limit of visibility of the left- 

hand aircraft to the right limit of visibility 
of the right-hand aircraft, is called the scouting 
py front. 

A more efficient pattern results if each air- 
craft follows one path out and an adjacent path 
on the return, but some overlapping may be 
necessary to allow for possible motion of the 
object sought. This alternate-path method is 
not advisable if the object of the search has 
a possible high speed. 

A single aircraft may be able to cover an 


FicurE 1029d.—A simple parallel search entire rectangular aree by using a simple par- 
pattern for a single aircraft. allel search as shown in figure 1029d. 
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In any of the search patterns discussed above the directions of the various paths 
may be relative to the ground or relative to a moving object. If they are relative to 
the ground, the prescribed directions are courses and the distances are actual distances 
over the earth. If they are relative to a moving object, the prescribed directions are 
directions of relative movement (DRM) and the distances are also relative (MRM). 
In the first case the PGS is used for determining the minutes on each leg and in the 
second the SRM is used. 

1030. Visible path width.—The purpose of a search mission is generally to achieve 
complete coverage of a given area. Hence, it should not only bring all portions under 
observation without having any gaps, but it should also be so planned that the object 
sought cannot escape detection by maneuver. The latter requirement is to prevent 
the object sought from crossing one portion of the sector while the searching aircraft 
is in another portion. These situations are sometimes called time loop holes. 

The size of the area which can be covered completely in a single flight depends 
upon the distance from which the smallest object sought can be seen. Thus, a large 
ship can be seen visually for perhaps 15 miles under conditions of good visibility and 
often for many times this distance by radar, while a small life raft can be detected 
visually from hardly more than a mile. Consequently, a single aircraft can cover a 
much larger area in search of a ship than of a life raft. 

The radius of visibility at any time depends upon various factors, including the 
meteorological condition of the atmosphere, the size and color of the object sought, 
the state of the sea (or the nature of the surface over land), the angle the line of vision 
makes with the vertical, and the direction of vision. 

The probable visible or radar path width should be considered in laying out a 
search pattern. Variations in the visibility, errors in the position of the searching 
aircraft, and motion of the object sought should also be considered. No definite rule 
can be formulated to cover all situations. In general, a reasonable amount of overlap 
or a conservative estimate of the distance an object can be seen, is sufficient. Under 
certain conditions, however, departures from this practice are advisable. If the object 
sought is an airborne enemy aircraft, for instance, it may be necessary to use a greater 
number of aircraft, spaced more closely together, and with repeat searches at frequent 
intervals, than in the case of a search for a ship proceeding at 15 knots. 

If the limiting bearings of a sector search are too widely separated, or if the search 
is continued to a great distance from the base, an unobserved wedge occurs within the 
sector (fig. 1030a). This can be corrected by decreasing the length of the limiting 





FicureE 1030a.— An improperly planned sector search may leave an unsearched wedge within the sector. 
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bearing lines, decreasing the angle between them, or by modifying the search pattern. 
One method of modification is shown in figure 1030b. This is called a Y-search. 

The pattern to be used at any time, the spacing of aircraft, etc., is a matter of judg- 
ment based upon experience. A simple plot is often helpful in appraising any situation. 





Ficure 1030b.—A Y-search pattern. 
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Figure 103la.—Preparing a smal] area plotting sheet on Mark 6A plotting board, step 1. 
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1031. Solution by Mark 6A plotting board.—The Mark 6A plotting board is par- 
ticularly adaptable to solution of problems discussed in this chapter because it permits 
the full problem to be shown, thus aiding visualization of the various parts in relation 
to each other. 

Even the geographical plots can be made quickly and easily by drawing a small 
area plotting sheet on the face of the plotting board. Either of the methods outlined 
in article 224 can be used, but the second method 1s preferable. 

Suppose, for example, that it is desired to make a small area plotting sheet for 
mid latitude 35° N. 
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FicoreE 1031b.—Preparing a small area plotting sheet on Mark 6A plotting board, step 2. 


Step 1 (fig. 1031a).—Orient the grid disk so that one of the index lines is directly 
north-south (000°-180°). Draw a horizontal line the full length of the cross (090°- 
270°) index line and label it 35° N. Draw as many additional horizontal lines as 
desired at intervals of 60 units from the first. These lines are 1° of latitude apart. 
Label them accordingly. It is advisable to draw parallel horizontal lines over the 
entire area of interest until one gains familiarity and confidence, after which only 
the one centrally-located line need be drawn. 

Step 2 (fig. 1031b).—Place one of the grid disk index lines under the mid latitude 
(35°) on the compass rose. Along the other (cross) index line place a dot at each 
multiple of 60 on both sides of the center. 
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Step 3 (fig. 1031c).—Again place one of the grid disk index lines under 0°. Through 
the dots (and the center) draw vertical lines. These are 1° of longitude apart. Label 
them accordingly. 

When the small arca plotting sheet is made in this manner, the scale of the grid disk 
is the latitude scale and also the nautical mile scale. A longitude scale can be obtained 
by rotating the grid disk until exactly 60 units are intercepted between consecutive 
meridians. This occurs when the disk is in the position shown in step 2. 
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Figure 103lce.—Preparing a small area plotting shect on Mark 6A plotting board, step 3. 


Problems 


1005. Given.—At 1300 aircraft S on TR 340°, GS 340K, bears 080°, distant 250 
miles from aircraft P, which is to intercept S at GS 400K. 

Required.—(1) TC, (2) ETT. 

Answers.—(1) TC 023°, (2) ETI 1354. 

1006. Given.—At 1100 aircraft S, on TR 240°, GS 260K, bears 180°, distant 200 
miles from aircraft P, which is to intercept S, using TAS 360K. WV 120°/50K. 

Required.—(1) TH, (2) TC, (8) PGS, (4) ETT. 

Answers.—(1) TH 211°, (2) TC 219°, (3) PGS 364K, (4) ETI 1217. 
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1007. Given.—At 1800 aircraft S, on TR 165°, GS 300K, bears 220°, distant 75 
miles from aircraft P, which is to intercept S, using TAS 400K. WV 330°/30K. 

Required.—(1) TH, (2) TC, (3) PGS, (4) ETT. 

Answers.— (1) TH 187°, (2) TC 184°5, (3) PGS 423K, (4) ETI 1826. 

1008a. Given.— At 0600 aircraft S, on TR 270°, GS 250K, bears 130°, distant 130 
miles from aircraft P, which is to intercept S, using TAS 180K. WV 070°/40K. 

Required. —(1) TH, (2) TC, (3) PGS, (4) ETI, (5) which heading should be used? 
Why? 

Answers.—(1) TH 267° or 174°, (2) TC 264° or 185°5, (3) PGS 220K or 196K, 
(4) ETI 0925 or 0626, (5) TH 174°, because interception takes place earlier. 

1008b. Given.—At 0700 aircraft S, on TR 120°, GS 300K, bears 250°, distant 200 
miles from aircraft P. WV 100°/35K. 

Required.—(1) The minimum TAS aircraft P can use and intercept S, (2) TH at 
minimum TAS, (3) TC at minimum TAS, (4) PGS at minimum TAS, (5) ETI at mini- 
mum TAS, (6) If TAS is increased 20K, how much sooner will interception take place? 

Answers.—(1) Minimum TAS 248K, (2) TH 160°, (3) TC 167°, (4) PGS 232K, 
(5) ETI 0753.5, (6) 17™. 

1009. Given.—At 1330 aircraft S, on TH 080°, TAS 220K, bears 330°, distant 165 
miles from aircraft P, which is to intercept S, using TAS 280K. 

Required.—(1) TH, (2) ETI, (3) apparent WV of aircraft S. 

Answers.—(1) TH 018°, (2) ETI 1408, (3) apparent WV 080°/220K. 

1010a. Given.—The 0800 position of aircraft S is L 40°58’ N, \ 62°12’ W. The 
aircraft is on TR 255°, GS 180K. At 0830 it will change to TR 275°, GS 200K. The 
0730 position of aircraft P is L 38°04’ N, A 60°15’ W. The aircraft is on TR 270°, 
GS 250K. Aircraft P is to intercept aircraft S, starting the interception run at 0815. 
WV SE/30K. 

Required.—(1) TH, (2) TC, (3) PGS, (4) ETI. 

Giren.— At 0845 the pilot of aircraft P learns that at 0840 aircraft S changed to 
TR 320°, GS 220K. 

Required.—Assuming that aircraft P will change at 0850 to the new TC to inter- 
cept: (5) TH, (6) TC, (7) PGS, (8) ETI. 

Answers.—(1) TH 338°, (2) TC 335°5, (3) PGS 257K, (4) ETI 0856, (5) TH 
335°5, (6) TC 333°, (7) PGS 257.5K, (8) ETI 0932.5. 

1010b. Given.—The 1400 position of aircraft S is L 33°14’ S, A 158°50’ E. 
expected to proceed as follows: 
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It is 


GS 150K 


1400-1410 TR 110° 

1410-1415 TR 155° GS 160K 
1415-1428 TR 090° GS 140K 
1428-1442 TR 078° GS 155K 
1442-1500 TR 120° GS 152K 
1500—1600 TR 110° GS 150K 


The 1400 position of aircraft P is L 35°47’ S, 4 159°51’ E. The aircraft is on TR 300°, 
GS 260K. An order is received to intercept aircraft S. Solution is made for 1405, 
when the interception run begins. WV 240°/40K. 

Required.—(1) TH, (2) TC, (3) PGS, (4) ETI, (5) position at interception. 

Answers.—(1) TH 011°5, (2) TC 015°, (3) PGS 307K, (4) ETI 1429, (5) position 
at interception L 33°35’ S, A 160°07’ E. 

101la. Giren.—At 1430 an aircraft bearing 145° from its carrier, distant 112 miles, 
receives orders to return to the carrier at 1510. The carrier is on course 262°, speed 


24K. WV 165°/21K. 
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Required.—(1) DRM, (2) SRM, (3) TH, (4) TAS, (5) PGS, (6) TC. 

Answers.—(1) DRM 325°, (2) SRM 168K, (3) TH 314°, (4) TAS 162K, (5) PGS 
180K, (6) TC 318°5. 

1011b. Given.—A dive bombing squadron is ordered to take off from its carrier at. 
1305 to intercept an enemy force bearing 043°, distant 120 miles from the carrier. 
The enemy force is reported to be on course 150°, speed 26K. The attacking squadron 
will use TAS 240K. WV 110°/30K. 

Required.—(1) DRM, (2) SRM, (3) TH, (4) TC, (5) PGS, (6) ETI. 

Answers.—(1) DRM 043°, (2) SRM 230K, (3) TH 056°, (4) TC 050°, (5) PGS 
224K, (6) ETI 1336. 

1011c. Given.—At 1000 ship S, on course 200°, speed 24 knots, bears 095°, distant 
180 miles, from an airport at which aircraft P is located. The aircraft is ordered to 
take off at 1100 and intercept the ship, using TAS 144K. WV 060°/18K. 

Required.—(1) TH, (2) TC, (3) PGS, (4) ETI. 

Answers.—(1) TH 107°, (2) TC 112°, (3) PGS 132K, (4) ETI 1119. 

1011d. Given.—At 1430 ship S, on course 295°, speed 36 knots, bears 350°, distant 
120 miles, from an airport at which aircraft P is located. At 1630 the ship will change 
course to 195° and slow to 24 knots. The aircraft is ordered to take off at 1500 to 
intercept the ship, using TAS 108K. WYV 055°/48K. 

Required.—(1) TH, (2) TC, (3) PGS, (4) ETT. 

Answers.—(1) TH 355°, (2) TC 328°, (3) PGS 95K, (4) ETI 1647. 

10lle. Given.— 
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The 0800 position of a carricr on course 285°, speed 24K, is L 37°20’ N, A 127°35’ 
W. The 0800 position of an enemy ship on course 275°, speed 30K, is L. 35°10’ N, A 
128910’ W. An aircraft aboard the carrier is ordered to take off at 0840 to attack the 
enemy, using TAS 140K. and flying at altitude 5,000 feet. WV 005°/39K. Variation 
16° E. Temperature at flight level (4+)15° C. 

Required.—(1) DRM, (2) MRM, (3) SRM, (4) min. on leg, (5) TH, (6) MH, 
(7) CH, (8) TC, (9) PGS, (10) MC, (11) ETI, (12) position of interception, (13) CAS, 
(14) TAS. 

Answers.—(1) DRM 194°, (2) MRM _ 137, (38) SRM 1691s, (4) min. on leg 48, (5) 
TIE 209°, (6) MH 193°, (7) CH 192°, (8) TC 204°, (9) PGS 177K, (10) MC 142, (11) 
ETI 0928, (12) position of interception L 35°14’ N, A 129°05’ W, (13) CAS 128K, (14) 
IAS 128k. 

1011f. Given.—The 0730 position of a carrier on course 250°, speed 25K, is 
L 51°50’ N, \ 167°45’ W. The 0700 position of an enemy force on course 280°, speed 


RELATIVE MOVEMENT 249 


20K, is L 48°55’ N, \ 168900’ W. A squadron of aircraft aboard the carrier is ordered 
to take off at 0800 to attack the enemy, using TAS 150K and flying at altitude 8,000 
feet. WV 300°/20K. Variation 12° E. Temperature at flight level (—)5°C. Inter- 
ception is made as directed and an enemy carrier is bombed. Return to the squadron’s 
carrier is to commence at 0930, at which time the attacking squadron is 10 miles due 
west of the main body of the enemy fleet, which has maintained course and speed. 
TAS, flight level, and conditions are the same as on the attacking interception. Use 
the deviation and air-speed calibration cards of problem 1011e. 

Required.—For both attack and return: DRM, MRM, SRM, min. on leg, ETI, 
TH, MH, CH, TC, PGS, MC, position of interception, CAS, IAS. 


Answers.— 
Attack Return 

DRM 186° TC 193° DRM 009° TC 359° 
MRM 167 PGS 154K MRM 149 PGS 139K 
SRM 154K MC 167 SRM 149K MC 139 
Min. 65 Pos. of intercep. Min. 60 Pos. of intercep. 
ETI 0905 L 49°03’ N ETI 1030 L 51°24’ N 
TH 200° dX 169°02’ W TH 353° d 169°35’ W 
MH 188° CAS 134K MH 341° CAS 134K 
CH 187° IAS 133K CH 342° IAS 133K 


1013a. Given.—An aircraft is ordered to take off from NAS San Diego at 0800 to 
scout maximum distance on course 250° and return at the end of three hours, using 
TAS 105K. WV 295°/26K. 

Required.—For each leg: (1) TH, (2) PGS, (3) PDA, (4) min. on leg, (5) MC, 
(6) TTT, (7) ETA. 


Answers .— Ist leg 2d leg 
CD A 5 2a ek oes ee ea ei 260° 060° 
(2) PGOSk tense eeteiececee eet bce eee 85K 122K 
CA ae cd BY. eee eee UE ee Er ee 10°L 10°R 
(4) Min. on leg___..------------_--- 106 74 
(5) NO ie20.2 ceecehudecetennichemen et 150 150 
Ce saat ie sare Pires a Ssh 0946 ____- 
CPO tee teehee, 8 tet 1100 


1013b. Giren.—An aircraft is ordered to depart NAS Pensacola at 0520 to scout a 
maximum distance on course 170° T and return at 0750, using TAS 120K. WV 065°/ 
22K. Variation 5° E. Temperature at flight level (3,000 feet) (+)20° C. Use the de- 
viation and calibration cards of problem 101 1e. 

Required.—For each leg: (1) CAS, (2) LAS, (3) TH, (4) MH, (5) CH, (6) min. on 
leg, (7) MC, (8) TTT, 9) ETA. 


Answers.— Ist leg 2d leg 
6 ae ys ee L13]< L1I3Kk 
2 Tl ©: cy Ree eet Ne RG eae ane Re ee Or L161 116K 
Cees Sei ete ete a te 160° 000° 
C'S: een eee 155° 355° 
ce ag eee te 155° 357° 
(6): Nine On (0@s o's onic ede sees 71 79 
CP ONG tao ee et eee 147 147 
C3 As 0631 


(9) ETA eres 0750 
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1015. Given.—The 0515 position of a carrier on course 040°, speed 22K, is L 47°05’ 
N, \128°14’ W. An aircraft is ordered to depart from the carrier at 0515 and scout on 
TC 310° at TAS 100K, returning at 0650. WV 080°/25K. 

Required.—For each leg: (1) DRM, (2) SRM, (8) TH, (4) PGS, (5) PDA, (6) 
min. on leg, (7) MC, (8) TTT, (9) ETI, (10) position at ETI. 


Answers .— 

1st leg 2d leg 
CL TIN oe te ae ata cege ew eo ales 299° 119° 
(2) ON 2c sees Sob eblebeee de eeie 116.5K 69K 
CN cater pee as ee ie 321° 097° 
(4) POS scheae secede eeawsstasucee 114.5K 76.5K 
5) OD are ly a ciate ty oe 11°L 6°R 
(6) Min. on leg__-_-_-.-------------- 35.5 59.5 
i Sa) © ern on arse tee nO 67.5 76 
CO ee ee eel oe 0550.6  ___-- 
(0) ND jessie eee eset | 0650 
(10) ETI position_-_.__-.____---------- L 47°32’N d 127°41’W 


1016a. Given.—A carrier is on course 275°, speed 26K. An aircraft is ordered to 
depart from the carrier at 1800 and search s maximum distance, maintaining a constant 
bearing of 205°. The aircraft is to use TAS 116K and return at 1940. WV 250°/20K. 

Required.—For each leg: (1) TH, (2) DRM, (3) SRM, (4) TC, (5) PGS, (6) min. 
on leg, (7) MC, (8) TTT, (9) ETI. 


Answers.— 

Ist leg 2d leg 
Gd by 5 epeerenee ea naenete werner et See map nee eee 224° 005°5 
2) TOR Not eee ee be teeete gee 205° 025° 
(3) SRM_______________________---- 86.5K 132.5K 
(AYN iat Brennan Neen tuasteeues 219°5 014° 
(0) 3 i ee 98K 126K 
(6): Min. on ep 2c oss eee bee eee 60.5 39.5 
CFIC eos ee i i a hee 99 83 
G3) ie! bas Ad bear oe eae er Ste Pe es 1900.6  —_-___- 
(9) He ie oes ees | eee 1940 


1016b. Given—The 1300 position of a carrier on course 345°, speed 20K, is L 8°15’ 
S, \ 165°38’ E. An aircraft is ordered to depart from the carrier at 1300 and search a 
maximum distance, maintaining a bearing of 310°. The aircraft is to use TAS 105K 
and return at 1420, flying at an altitude of 1,000 feet. WV 070°/30K. Temperature 
at flight level (4+)15° C. Variation 8° E. Use the deviation and calibration tables of 
problem 101 le. 

Required.—For each leg: (1) TH, (2) MH, (3) CH, (4) CAS, (5) IAS, (6) DRM, 
(7) SRM, (8) TC, (9) PGS, (10) min. on leg, (11) MC, (12) TTT, (13) ETI, (14) posi- 
tion at ETI. 


RELATIVE MOVEMENT 251 


Answers.— 

1st leg 2d leg 
6) gd Uc eee nee eee nes 331° 109° 
(2) MH___.___.___-____-._- 323° 101° 
(3 Mcgee eh eet 323° 104° 
(4) CAS peeves geese 103K 103K 
(5) MAD schon Dosti cn tat eats 108.5K 108.5K 
(6) DRM sce seo. cee ees 310° 130° 
PON beet hee Stirs ese: 97K 99.5K 
) ee © ee ce 316° 122° 
(9) PGS ees cece sehen 114K 84K 
(10) Min. on leg_____.____-- 40.5 39.5 
GD) iMG doce sess cet 77 55 
G1) Vad Ui byl cr ree 1340.5 —_— 
(13) BU incie cect ceuceees ... Aaedy 1420 
(14) ETI position. _..______- L 7°50’ S \ 165°31’ E 


1016c. Given.—At 0500 an aircraft is catapulted from a cruiser with orders to 
search a maximum distance, maintaining a constant bearing of 250° T from the cruiser. 
The aircraft is to use TAS 300K and return at 1100 to a fixed base which bears 120° 
T, distant 180 miles from the cruiser at 0500. WV 180°/30K. The cruiser is on course 
255°, speed 20K. 

Required —(1) TH), (2) PGS,, (8) TTT, (4) MC,, (5) THs, (6) TC2, (7) PGS. 

Answers.—(1) TH, 245°, (2) PGS, 289K, (3) TTT, 0751, (4) MC, 825, (5) TH, 
085°, (6) TC2 079°, (7) PGS, 304K. 

1016d. Given.—The 0400 position of carrier A, on course 340°, speed 30K, is 
L 61°50’ S, ¥.177°10’ W. The 0435 position of carrier B, on course 147°, speed 25K, 
is L 60°49’ S, \ 176°02’ E. An aircraft is ordered to leave carrier A at 0500 to scout a 
maximum distance on course 320° and return to carrier B at 0710. The aircraft is to 
use TAS 120K. WV 060°/20K. (Use mid latitude 60° S for small area plotting sheet.) 

Required.—(1) Course of fictitious ship, (2) speed of fictitious ship. For each leg: 
(3) DRM, (4) SRM, (5) TH, (6) TC, (7) PGS, (8) min. on leg, (9) MC, (10) TTT, 
(11) ETI. 

Answers.—(1) C 262°, (2) S 74K. 


1st leg 2d leg 
(3) UNE tees ee ees oe 357°5 177°5 
(A) SRM sccecnetees oie weceeie esse 104K 108.5K 
00) Pe wie eae nied a eee 329°5 205° 
(5 el © © ae Netrenee ok gee eae eR ee 320° 210° 
0) ae Oa Sica a oe Sec ae hes Rae 121.5K 137K 
(8) Min. on leg____.__-------------- 66.5 63.5 
(9) INE» 2 cSt casey ante Gene Stee 135 145 
CO) ich ot ea ee re 0606.5 ete 
1p I Oa bs (etaneeriee neen  eere ee eee eT a 0710 


1016e. Given.—A squadron of aircraft is ordered to depart from a carrier at 0800, 
proceed to point A bearing 125°, distant 70 miles from the point of departure, then 
scout on course 050° as far as possible and return to the ship at the end of 3.5 hours 
after take-off. The carrier is on course 050°, speed 30K. The aircraft are to use TAS 
110K and fly at altitude 4,000 feet. WV 205°/30K. Variation 15° E. Temperature 
at flight level 0° C. Use the deviation and calibration tables of problem 101 le. 

691-651 °—63——_17 
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Required.—(1) CAS, (2) IAS, (3) TH to A, (4) PGS to A, (5) ETA at A, (6) 
course of fictitious ship, (7) speed of fictitious ship. For each leg of the search: (8) 
TH, (9) MH, (10) CH, (11) TC, (12) PGS, (13) DRM, (14) SRM, (15) min. on leg, 
(16) MC, (17) TTT, (18) ETI. 

Answers.—(1) CAS 105K, (2) IAS 110K, (3) TH 140°5, (4) PGS 101K, (5) ETA 


0842, (6) C 012°, (7) S 39K. 


Ist leg 2d leg 
(3) Seth Se See Le ees 056°5 249°5 
(9) NI rt tht BE wren ets e 041°5 234°5 
(10) CH.___._______ 8 044°5 231°5 
(2s 0 ees) ©: sperma p neneea ney Roe ge ape ny re 050° 263° 
(12) PGS. o2en corn cee se aie ee 136.5K 91K 
(13) POR Mies 2 5 aria oe else 063° 243° 
(14) SRM oe... 222s ccece cee cccce oe 108K 111K 
(15) Min. on leg______-.---------_-_e — «85 83 
(16) MO ose eee cece cewenwicevtcved 193.5 126 
G17 i) Neel So) yd MEER enn ene ene eeetor ie ae ree 1007 bee 
(18) ee bt eee tase es pee 1130 


1017. Given.—An aircraft is cleared to depart at 1005 from Tampa, L 27°57’ N, 
A 82°32’ W to fly to Pensacola, L 30°28’ N, A 87°15’ W, using TAS 100K. The fuel 
is sufficient for 3 hours’ flying time, exclusive of the reserve. Panama City, L 30°08’ 
N, A 85°43’ W, is designated as alternate airport in the event a landing cannot be 
made at Pensacola. WV 050°/20K. (Use mid latitude 29° N for small area plotting 
sheet. ) 

Required.—(1) TH and PGS for Pensacola. 

(2) The latest time at which the aircraft can change course for Panama City. 

(3) TH, TC, and PGS for Panama City. 

Answers.—(1) TH 312°, PGS 105K, (2) TTT 1230, (3) TH 086°, TC 094°, 
PGS 85K. 

1018. Determine the minutes on leg of problems 1013a, 1013b, 1015, 1016a, 1016b, 
1016d, and 1016e by both of the graphical methods explained in article 1018. The 
answers should be within 1™ of those given. 

1020a. Given.—An aircraft is ordered to leave Cape May, L 38°57’ N, \ 74°53’ W, 
at 0538 to search a sector from 130° to 110° for a distance of 110 miles, and return, 
using TAS 115K. WV 060°/25K. 

Required.—For each leg: (1) TH, (2) PDA, (3) TC, (4) PGS, (5) MC, (6) min. on 
leg, (7) TTT, (8) ETA at Cape May, (9) position at end of second leg. 


Answers. — 

Ist leg 2d leg 8d leg 
6D Res Ibs ence eee nen ee inne Eee 118° 036° 300° 
(2) PD Ax os ed docmn lets coeds 12° R 6° L 10° L 
25) ied Cee eee eget nee tere 130° 030° 290° 
(4) POS: 2600580 oe Seka See 104K 93K 129K 
(5) NIC ta see cei see oa 110 38 110 
(6) Min. on leg_____.--------- 63.5 24.5 51 
67 ge fal Get Lies ener Reroeeeie tos 0641.5 0706 ree 
(SPE copt cette teehee  igbteee eee 0757 

JL 38°19’ N 


(9) Position at end of second leg 


|v 72°42’ W 
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1020b. Given.—An aircraft is ordered to leave Mare Island Navy Yard, L 38°06’ N, 
\ 122°16’ W, at 1620 to search a sector from 270° to 290° for a distance of 120 miles, 
and return, using TAS 110K and altitude 1000 feet. WV 245°/20K. Temperature 
at flight level (+)5°C. Variation 24° E. Use the deviation and air speed calibration 
cards of problem 101 le. 

Required.—For each leg: (1) TH, (2) MH, (3) CH, (4) TC, (5) PGS, (6) CAS, 
(7) IAS, (8) MC, (9) min. on leg, (10) TTT, (11) ETA at Mare Island, (12) position 
at end of first leg. 


Answers.— 

Ist leg 2d leg 3d leg 
Coe he ccte Gress 264° 003° 119° 
ye scene Soe ee cee el 240° 339° 095° 
(8) OH cet ce oek nce teieeae 237° 339°5 098° 
Ca 0 ee nneres 270° 010° 110° 
Gy PGSe ccc cents eeute 93K 123K 120K 
(CONS ep te ee ee te 110K 110K 110K 
(7) TAGs ninsc aonb achereueces. 114K 114K 114K 
(8) IMG 52536 pase erate ote 120 42 120 
(9) Min. on leg_____--------- 77.5 20.5 60 
IT 6 Ga Wd te oO a 1737.5 1758 wat 
ClDy IGA reece het tee Bee 1858 
(12) Position at end of first leg_.___...__-- . as ae 


1021a. Given.—An aircraft is ordered to leave NAS Pensacola, L 30°28’ N, d 87°15’ 
W, at 0605 to search a sector from 185° to 205° and return at 0830, using TAS 115K. 
WV 295°/23K. 

Required.—For each leg of trial solution, assuming 70 miles on the first leg: (1) 
TC, (2) TH, (3) PDA, (4) PGS, (5) MC, (6) min. on leg. For each leg of actual 
solution (7) MC, (8) min. on leg, (9) TTT, (10) ETA. 


Answers.— 
Trial solution 
Ist leg 2d leg Sd leg 
ls east et 185° 285° 025° 
(2) RS © 5 (eee eer ee re eee ont etm 196° 287° 014° 
(3) PD At nd a2 tebe ea iets cha 11° L 2° L 11° R 
A) Ge kate Beet ee 121K 92K 113K 
(5) MC___.__________________-.- 70 24 70 
(6) Min. on leg. ___--__---__-_-_-_-- 30 15.5 37.5 
Actual solution 
CO, (6 an ae ene eee 116 39 116 
(8) Min. on leg________---------- 57.5 25.5 62 
CO ete ee ete oe 0702.5 0728 esha 
ClO) WG Ages Sec bevestemsscehie | fg ta aaa 0830 


1021b. Given.—An aircraft is ordered to leave Floyd Bennett Field, L 40°35’ N, » 
73°51’ N, at 1325 to search a sector from 137° to 120° and return at 1640, using TAS 
120K and altitude 1,500 feet. WV 185°/26K. Temperature at flight level (+)6° C. 
Variation 12° W. Use deviation and calibration tables of problem 101 le. 
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Required.—(1) CAS, (2) IAS, (3) TH to A, (4) PGS to A, (5) ETA at A, (6) 
course of fictitious ship, (7) speed of fictitious ship. For each leg of the search: (8) 
TH, (9) MH, (10) CH, (11) TC, (12) PGS, (13) DRM, (14) SRM, (15) min. on leg, 
(16) MC, (17) TTT, (18) ETI. 

Answers.—(1) CAS 105K, (2) IAS 110K, (3) TH 140°5, (4) PGS 101K, (5) ETA 


0842, (6) C 012°, (7) S 39K. 


Ist leg 2d leg 
(eg ei eae 056°5 249°5 
(9) INIT io pine ee es ba 041°5 234°5 
CO) POH So 2 teteeekied eee Seeecleeae 044°5 231°5 
206 ed 1 © Zeer anne mee eee See ena ee 050° 263° 
(1?) PGS2 anes scat yeceewentososse 136.5K 91K 
C13) OR Noe eee at coe eo eae 063° 243° 
(14) SRM_.-.----- 2-22 eee eee 108K 111K 
(15) Min. on leg_____-_---- 2-22 85 83 
(1G) NICs cine ee etree aie te 193.5 126 
OO Ee 6x deere a eae 1007 See 
C18): Ott oe sens See he tte ee 1130 


1017. Given. —An aircraft is cleared to depart at 1005 from Tampa, L 27°57’ N, 
82°32’ W to fly to Pensacola, L 30°28’ N, \ 87°15’ W, using TAS 100K. The fuel 
is sufficient for 3 hours’ flying time, exclusive of the reserve. Panama City, L 30°08’ 
N, A 85°43’ W, is designated as alternate airport in the event a landing cannot be 
made at Pensacola. WV 050°/20K. (Use mid latitude 29° N for small area plotting 
sheet. ) 

Required.—(1) TH and PGS for Pensacola. 

(2) The latest time at which the aircraft can change course for Panama City. 

(3) TH, TC, and PGS for Panama City. 

Answers.—(1) TH 312°, PGS 105K, (2) TTT 1230, (3) TH 086°, TC 094°, 
PGS 85K. 

1018. Determine the minutes on leg of problems 1013a, 1013b, 1015, 1016a, 1016b, 
1016d, and 1016e by both of the graphical methods explained in article 1018. The 
answers should be within 1™ of those given. 

1020a. Given.—An aircraft is ordered to leave Cape May, L 38°57’ N, \ 74°53’ W, 
at 0538 to search a sector from 130° to 110° for a distance of 110 miles, and return, 
using TAS 115K. WV 060°/25K. 

Required.—For each leg: (1) TH, (2) PDA, (3) TC, (4) PGS, (5) MC, (6) min. on 
leg, (7) TTT, (8) ETA at Cape May, (9) position at end of second leg. 


Answers. — 

1st leg 2d leg Sd leg 
Cle CD eee cate tie 118° 036° 300° 
(2)) PDA oes cece ode eee aor 12° R 6° L 10° L 
(6) Bes i Cee ean eee eres 130° 030° 290° 
(4) POS s stew etede ease 104K 93K 129K 
(Go Tb Caer ane etme Camere rene eee 110 38 110 
(6) Min. on leg. ..-.---------- 63.5 24.5 51 
CO) Ad dee eens lpia es iat ee 0641.5 0706 svearke 
(3) Oe Mesos ke ote eee 86 ee anne 0757 

|L, 38°19’ N 


[|v 72°42’ W 
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1020b. Given.—An aircraft is ordered to leave Mare Island Navy Yard, L 38°06’ N, 
\ 122°16’ W, at 1620 to search a sector from 270° to 290° for a distance of 120 miles, 
and return, using TAS 110K and altitude 1000 feet. WV 245°/20K. Temperature 
at flight level (+)5°C. Variation 24° E. Use the deviation and air speed calibration 
cards of problem 101le. 

Required.—For each leg: (1) TH, (2) MH, (3) CH, (4) TC, (5) PGS, (6) CAS, 
(7) LAS, (8) MC, (9) min. on leg, (10) TTT, (11) ETA at Mare Island, (12) position 
at end of first leg. 


Answers.— 

1st leg 2d leg Sd leg 
Gs id U2 eae ee ee 264° 003° 119° 
COV IES eh test She cia 240° 339° 095° 
(3) CH____.__.__._--------- 237° 339°5 098° 
Ces ae 270° 010° 110° 
(5) PGS_____._____.___----- 93K 123K 120K 
(6) CAS_________._.__------ 110K 110K 110K 
(TITAS so cecnoesceceen conse 114K 114K 114K 
(8) MC_____..._________---- 120 42 120 
(9) Min. on leg____---------- 77.5 20.5 60 
(10) TTT_____.........____.- 1737.5 1758 a 
(WU Asus || ‘eee oe 1858 

° , 

(12) Position at end of first leg... ____- . re 


1021la. Given.—An aircraft is ordered to leave NAS Pensacola, L 30°28’ N, \ 87°15’ 
W, at 0605 to search a sector from 185° to 205° and return at 0830, using TAS 115K. 
WV 295°/23K. 

Required.—For each leg of trial solution, assuming 70 miles on the first leg: (1) 
TC, (2) TH, (3) PDA, (4) PGS, (5) MC, (6) min. on leg. For each leg of actual 
solution (7) MC, (8) min. on leg, (9) TTT, (10) ETA. 


Answers.— 
Trial solution 
1st leg 2d leg Sd leg 
OL ae ee hee, i ees 185° 285° 025° 
C5 es bc iene entuer a reer ne rene Ce ae eee 196° 287° 014° 
(3) PD oe oe ss oe ie ie 11° L 2°15 11° R 
A): POG cots ceecet eure geek 121K 92K 113K 
(5) MC__._.______________.___--- 70 24 70 
(6) Min. on leg_______--____----- 35 15.5 37.5 
Actual solution 
(oe | Cee ee re 116 39 116 
(8) Min. on leg. ____-.-_--__-_-_-- 57.5 25.5 62 
620 id Wet Ue) Reena Renae eter etree vee me recta 0702.5 0728 earner 
CO OA teem t teats!  soagisar oe 0830 


1021b. Given.—An aircraft is ordered to leave Floyd Bennett Field, L 40°35’ N, A 
73°51’ N, at 1325 to search a sector from 137° to 120° and return at 1640, using TAS 
120K and altitude 1,500 feet. WV 185°/26K. Temperature at flight level (+)6° C. 
Variation 12° W. Use deviation and calibration tables of problem 1011e. 
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Required.—For each leg of trial solution, assuming 80 miles on the first leg: (1) 
TC, (2) TH, (3) MH, (4) CH, (5) CAS, (6) IAS, (7) PGS, (8) MC, (9) min. on leg. 


(10) Total time. 


For each leg of actual solution: (11) MC, (12) min. on leg, (13) 


TTT, (14) ETA, (15) position at end of first leg, (16) position at end of second leg. 


Answers.— 
Trial solution 

1st leg £d leg 
Cl NC eae tepoee ee esdee aces 137° 038°5 
(2) TH___.________________- 146° 045° 
(3) MH_.____..-.__-.-__---- 158° 057° 
(OV aiedes tee een tesa 157°5 061° 
(5) VVOAS sustain otie asians 119K 119K 
(0) DAS 2c cces2 Sess ete ead 121K 121K 
(7) PGS ec ceeetuccevecue 101K 141K 
(3) 2G ete bee ee 80 23. 5 
(9) Min. on leg___._____------ 47.5 10 
(10) Total time___..--------_- Melee 95™ 

Actual solution 
INI oho ee es eee 164 48 
(12) Min. on leg___-_--------- 97.5 20.5 
GE) a) has ba 0 1502.5 1523 
(14) Actions eae 
(15) Position at end of first leg_..-...-_._-_-- oa - 
ce] , 

(16) Position at end of second leg... ...-..----- pei 


Sd leg 
300° 
289° 
301° 
300° 

119K 
121K 
128.5K 
80 
37.5 


164 
77 


1640 


1022. Given.—An aircraft is ordered to depart from a carrier which 1s on course 350°, 
speed 30 knots, to search a geographic sector from 280° to 300°, to a distance of 100 


miles, leaving at 1600 and using TAS 160K. WV 070°/25K. 


Required.—For each leg: (1) TC, (2) TH, (3) PGS, (4) MC, (5) min. on leg, (6) 


TTT, (7) ETI. 


Answers.— 

1st leg 
OL) ce sce errata oe 280° 
(2) a ee cien ante ee eel 284°5 
(3) POs ele oh tt Uae e 181K 
(4) INT Ga et eR eek eat 100 
(5) Min. on leg____-_-_------------ 33 
(6) at ece occa spaced ee eet caed 1633 
C7) BD oced obese eee eee 


2d leg 


020° 
027° 
143K 
33 
14 
1647 


Sd leg 

097° 

093° 

138K 
87 

38 


1725 


1023a. Given aA carrier is on course 320°, speed 25K. An aircraft is ordered to 
leave the carrier at 0540 to search a geographic sector from 035° to 020° and return to 


the ship at 0700. The aircraft is to use TAS 105K. WV 290°/20K. 


Required.—For each leg of trial solution, assuming 50 miles on the first leg: (1) 
TC, (2) TH, (3) PGS, (4) MC, (5) min. on leg. For third leg only: (6) MRM, (7) 
DRM, (8) SRM. (9) Total time. For each leg of the actual solution: (10) MC, (11) 


min. on leg, (12) TTT, (13) ETT. 
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Answers.— 
Trial solution 
Ist leg 2d leg Sd leg 
G0 sb G cree eure eee erate aie een nT emer er 035° 297° 5 233° 
ON ett at eect an hy ayer haeaely og 025° 296° 242° 
CG) PGS ieeetes een 108K 85K 93K 
ES He EC Sane erent meeeten etree etree re etree ante 50 13 43.5 
C5) MIN ON le Pre rte ee 28 9 28 
(6), DERN soe eevee eee ease eroene! reyes 44 
(7) DORN nut st cea tieis oe otermeincss peer ee 218° 
(8) SSRND: 22.0sce~, eee ieee te eee es Poor Seb 95K 
(9) Total time.__._____.-_------- Oe 65™ Bere 
Actual solution 
ClO) MIG 8 att oe hese s se 62 15.5 53.5 
(11) Min. on leg___-.__--.-.------- 34.5 11 34.5 
1-2 Diet el Sacer 0614.5 0625.5 eedar 
Cla ieee ae ets 0 dee ee 0700 


1023b. Given.— A carrier is on course 135°, speed 22K. An aircraft is ordered to 
leave the carrier at 1710 to search a geographic sector from 205° T to 190° T and return 
to the ship at 1935. The aircraft is to use TAS 115K and fly at an altitude of 2,000 feet. 
WV 080°/26K. Temperature at flight level (+)14° C. Variation 14° E. Use the 
deviation and calibration tables of problem 1011e. 

Required.—For each leg of trial solution, assuming 50 miles on the first leg: 
(1) TH, (2) MH, (8) CH, (4) TAS, (5) CAS, (6) TAS, (7) PGS, (8) MC, (9) min. on leg. 
For third leg only: (10) MRM, (11) DRM, (12) SRM, (13) Total time. For the actual 
solution: (14) MC, (15) min. on leg, (16) TTT, (17) ETI. 


Answers.— . 
Trial solution 

Ist leg 2d leg Sd leg 
oe ead 0 & (rece ee ee mn eng 194° 102° 044° 
(2) NU oss eee eee ue 180° 088° 030° 
CB) gis a A a ent Mt ete ns 179° 091° 033° 
(4) OURS 2 oo. 23 Die make Settee 115K 115K 115K 
(5) (CNS eee egun eet eee ees 111K 111K 111K 
CS tat les eee le 115K 115K 115K 
CT) PO tea ee Soe Se ee 128K 91K 95K 
C8) AVI ere Seloe cee eet 50 13 42 
(9) Min. on leg______-_-_---- eee 23.5 8.5 26.5 
CLO) NEES Nias 8 Sila ria ity cashes oer teed ie ow 44.5 
Ol) -DRN 3 ak esos eee eas Stee are 022° 
CI) SIM ce eee ee ee asaa ene 101.5K 
(13) Total time________-_________- oe SBP 5 ceed Ge 

Actual solution 

CA NEC eres Sapte its arte ees aye ett 124 32 104 
(15) Min. on leg__....-.----2...-- 58 21 66 
OG) Oi 2 apse aerate cet ee ye 1808 1829 oe 
GL ae hd be nee geen eee eee eee en ae en Soa5 1935 
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1023c. Given.—The 1015 position of a carrier on course 330°, speed 26K, is L 
12°15’ N. \ 164°20’ E. An aircraft is ordered to leave the carrier at 1015 to search a 
geographic sector from 075° T to 060° T and return to the ship at 1250. 


is to use TAS 120K and fly at an altitude of 1,000 feet. 


problem 101 le. 


Required.—For each leg: (1) TH, (2) MH, (3) CH, (4) TAS, (5) CAS, (6) IAS, 
For third leg only: (10) MRM, (11) DRM, (12) SRM, 
For the actual solution: (14) MC, (15) min. on leg, (16) TTT, (17) 


(7) PGS, (8) MC, (9) min. on leg. 

(13) Total time. 

ETI, (18) position at ETT. 
Answers.— 


120K. WV 130°/21K. 


Required.—For each leg: (1) DRM, (2) MRM, (3) SRM, (4) min. on leg, (5) TH, 


Trial solution 
1st leg 


068° 
060° 
064° 


124 


| 


(6) TC, (7) PDA, (8) PGS, (9) MC, (10) TTT, (11) ETI. 


Answers.— 


Cl) DT Moe ete a ei 
C2 INN Mes st a eS ota a ears 
(3) DR Me s-525242eecescusoae Seas 


1st leg 
085° 
100 
89k 
67.5 
106°5 
101°5 
5° La 
LOK 
114 
1737.5 


2d leg 
345° 
337° 
337° 
120K 
118K 
120K 
105K 
13 
7.9 


§2™ 


33 
19 
1144 


L 13°13’ N 
\163°46’ E 


1024a. Given.—A carrier is on course 160°, speed 30K. An aircraft leaves at 1630 to 
search a 100-mile relative sector from 085° to 105°, and return to the ship, using TAS 


2d leg 
185° 
30 
77K 
27.9 
170°5 
178° 
7° R 
105K 
47.9 
1805 


The aircraft 
WV 024°/20K. Temperature 
at flight level (+)16° C. Variation 8° E. Use deviation and calibration tables of 


Sd leg 
277° 
266° 
266° 
120K 
118K 
120K 
127K 
06.5 
26.5 
OZ 
257° 
117K 


140 
66 


1250 


Sd leg 
285° 
100 
151K 
40 
269° 
274°5 
6° R 
136K 
90.5 


18495 
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1024b. Given.—The 0450 position of a carrier on course 290°, speed 24K, is L 
10°23’ N, \19°42’ W. An aircraft is ordered to leave at 0450 to search a 120-mile rela- 
tive sector from 000° to 345°, and return to the ship, using TAS 100K and flying at an 
altitude of 1,000 feet. WV 088°/30K. Temperature at flight level (+-)10° C. Varia- 
tion 12° W. Use the deviation and calibration cards of problem 1011e. 

Required.—For each leg: (1) TAS, (2) CAS, (3) LAS, (4) DRM, (5) MRM, (6) 
SRM, (7) min. on leg, (8) TH, (9) MH, (10) CH, (11) TC, (12) PGS, (13) MC, (14) 


TTT, (15) ETI, (16) position at end of first leg, (17) position at interception. 


Answers.— 

1st leg 2d leg Sd leg 
Ch) PAS sede ccc h ee ee 110K 110K 110K 
(2) CAS____._...._-_.-_-_-- 109K 109K 109K 
(B) TAG seep te ieawe 113K 113K 113K 
(4) DRM_________________-_- 005° 265° 165° 
(5) MRM__________________- 120 41.5 120 
(6) SRM________.-__--__---- 100K 118K 117K 
(7) Min. on leg__.---.------- 72 21 61.5 
CO eS ptt Sete trea ees 008°5 269° 160° 
(DNA opens Pho tals hs 020°5 281° 172° 
C10) Oi re ea et eae hee 023°5 278° 171° 
CD). GEG ae ac ret ooo tayo 353° 269° 176° 
C12)! PGS cb ete he bet aie. 108.5K 140K 105K 
GS) apy © Serer eneee ee eee enn 130 49 108 
(At ee en a eiee te 0602 0623 eile 
CLG ete te meets 0606 Cee Ce 0725 

oO , 

(16) Position at end of first leg. ____._____- ee 
(17) Position at interception__...._.__---- oe oe 


1025a. Given.—A carrier leaves San Diego, L 32°46’ N, A 117°13’ W, at 1300 on 
course 210°, speed 20K. An aircraft leaves the carrier at 1500 to search a relative sector 
from 120° to 140° and return to the ship at 1840, using TAS 120K and flying at an 
altitude of 2,000 feet. WV 230°/23K. Temperature at flight level (+)15° C. Varia- 
tion 15° E. Use the deviation and air-speed calibration cards of problem 1011e. 

Required.—For each leg of trial solution, assuming 100 MRM for the first and third 
legs: (1) TAS, (2) CAS,( 3) IAS, (4) DRM, (5) MRM, (6) SRM, (7) min. on leg, (8) 
TH, (9) MH, (10) CH, (11) TC, (12) PGS. For each leg of the actual solution: (13) 
min. on leg, (14) MC, (15) TTT, (16) ETI, (17) position of interception. 


Answers.— 
Trial solution 

1st leg 2d leg Sd leg 
CL). ANS e See a eee anes 120K 120K 120K 
(2) CAS____.___--.--- eee 116K 116K 116K 
Co Ue an teese ete te waite ie 119K 119K 119K 
(QDR Niji ad ce 120° 220° 320° 
(NER Niawe: burt bee, 100 30 100 
(OSIM = ace eeeeecee es 120.51 77.5K 119K 
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Trial solution—Continued 


Ist leg 2d leg Sd leg 
(7) Min. on leg______--------- 50 27 50.5 
kd be (eee 140° 220° 300° 
(Oy ON ln tt 3 ee eee be 125° 205° 285° 
CLO) Cie esse etosese 127° 203° 283° 
6 aes) © eae ene ere eee Re ga 129°5 218° 310°5 
C12) OS ead abate celle set 122K 97.5K 114K 
Actual solution 
(13) Min. on leg__-_.--------- 86 47 87 
A) ce aes eee ei es 175 75.5 165 
CUO ee tes 2 ee eit 1626 1713 eps 
(IG) 3B es com cite Sores Boe been 1840 
°o , 
(17) Position at interception__.......------ fe . Be ~ Ww 


1025b. Given.—The 0600 position of a convoy on course 250°, speed 20K, is L 
45°46’ N, ’ 124901’ W. A convoy pilot is ordered to leave the convoy at 0600 and 
search a relative sector from 185° to 205°, returning to the convoy at the end of 4 hours. 
The aircraft is to use TAS 110K and fly at an altitude of 2,000 feet; WV 300°/20K. 
Temperature of flight level (+)5° C. Variation 23° E. Use the deviation and air- 
speed calibration cards of problem 1011e. 

Required.—For each leg of trial solution: (1) TAS, (2) CAS, (3) LAS, (4) DRM, 
(5) MRM, (6) SRM, (7) min. on leg, (8) TH, (9) MH, (10) CH, (11) TC, (12) PGS. 
For each leg of the actual solution: (13) min. on leg, (14) MC, (15) TTT, (16) ETI, 
(17) position at interception. 


Answers.— 
Trial Solution 

Ist leg 2d leg Sd leg 

(TAS sort eee eet ee 110K 110K 110K 
OE 0): cs ee eee 108K 108K 108K 
0050 Bet: eee eee 112K 112K 112K 
(4) DEN ode eee ot 185° 285° 025° 
(5) MR Me ceed eect eo dew 100 34.5 100 
(6) OR Mess. cee eres ecevetce 104K 74K l1I7K 
(7) Min. on leg. ___---__------ 57.5 28 51.5 
6.0 i 6s @ earner eee nar eee ere 204° 282° 007° 
(9) MH seed enekntoetioncue's 181° 259° 344° 
(10 CN inher area ee 180° 256° 345° 
Ek ad bl 6 nee er 194° 278° 017° 
(12) PGS___.__-_-_-------_-- 114K 91K 104K 

Actual solution 

(13) Min. on leg___..--------- 101 49 90 
(14) NIC is gj usec osecechouesee 193 74 155 
ClO) Te bette e eee het e 0741 0830 Soe 
OG) enact ee oe eurere ets 1000 


JL. 45°19’ N 
|» 125°46’ W 
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1026a. Given.—aA carrier is on course 160°, speed 26K. An aircraft is ordered to 
leave the carrier at 0515 and search three sides of a rectangle to the right of the carrier’s 
course line, and return to the ship at 0830, using TAS 120K. WV 040°/30K. 
Required.—F or each leg: (1) TC, (2) MC, (3) TH, (4) PGS, (5) min. on leg, (6) 


TTT, (7) ETT. 


Answers.— 


1st leg 
250° 
148 


61.5 


2d leg 
160° 
84.5 
148° 
132K 


Sd leg 
070° 
148 
063° 
93K 
95.5 


0830 


1026b. Given.— The 1700 position of a carrier on course 070°, speed 25K, is L 19°35’ 
S,4110°15’ E. An aircraft is ordered to leave the carrier at 1700 to search a rectangular 
area to the left of the carrier’s course line and return to the ship at 2000. The aircraft 


is to use 150K and fly at an altitude of 1,000 feet. 


WV 110°/20K. Temperature 


at flight level (+)12° C. Variation 4° W. Use the compass deviation and air-speed 


calibration cards of problem 1011e. 


Required.—For each leg: (1) TAS, (2) CAS, (8) IAS, (4) TC, (5) MC, (6) TH, 
(7) MH, (8) CH, (9) PGS, (10) min. on leg, (11) TTT, (12) ETI, (13) position at 


interception. 
Answers .— 


Ist leg 
150K 
148K 
144K 
340° 
180 
346° 


2d leg 
150K 
148K 
144K 
070° 
75 
075° 
079° 
082° 
134K 
34 
1840.5 


L 19°09’ S 
 111°30’ E 


Sd leg 
150K 
148K 
144K 
160° 
180 
154° 
158° 
158° 
136K 
79.5 


2000 


1027a. Given—aA patrol aircraft is reported to have crashed at L 54°10’N, A 
158°37’ W. An aircraft ordered to search for survivors arrives at the reported position 


at 1045. 
WV 330°/20K. Visibility 7 miles. 


Required.—(1) Min. on 1st leg, (2) TH on 4th leg. 


No wreckage 1s sighted and a square search Is instituted, using TAS 110K. 


Given.—At 1150 a rubber life raft with survivors is sighted, bearing 010°, distant 


5 miles. 
Required.—(3) The position of the raft. 


Answers.—(1) Min. on Ist leg 9.5, (2) TH on 4th leg 050°, (3) position of raft, 


L 54°35’ N, d 158°27’ W. 
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1027b. Given.—An aircraft’s destination is a small island. At the ETA no land is 
sighted. A square search is started, using IAS 115K and flying at altitude 1,000 feet. 
The pilot heads into the wind and notes the compass reading, 073°. The wind speed 
is estimated to be 24K. Temperature at flight altitude (+)24° C. Visibility 5 miles. 
Use the compass deviation and air-speed calibration cards of problem 101 le. 

Required.—For each of the first 3 legs: (1) CAS, (2) TAS, (3) TC, (4) TH, (5) MH, 


(6) CH, (7) PGS, (8) min. on leg. 


Answers.— 

Ist leg 2d leg Sd leg 
Cl) (CAS 226 h25522entbeaeetesdeedes 111K 111K Ll1K 
(2) VAS 2 Sah ceee ete dee ede ek 115K 115K 115K 
(Sr Ce aes ee het ae a cs at Sa 076° 346° 256° 
(C3 ld bio eel ener enna Dee rere ore 076° 358° 256° 
CNet Sales ie eee toticnzys eye! 069° 351° 249° 
CN ca eee Katia 073° 352° 246° 
CF) PO Se262heoreenavees eee de eees 91K 112K 139K 
(8) Min. on leg.___--__--_--------- 6.5 5.5 8.5 


1028. Given.—Upon completion of a relative sector search at 1300, the pilot does 
not sight his carrier and starts a relative square search, making left turns. The 1300 
DR position of the aircraft is L 50°18’ N, \ 50°10’ W. The carrier is on course 030°, 
speed 25K. The aircraft uses [AS 124K and flies at an altitude of 2,000 feet. WV 
130°/20K. Temperature at flight level (—)14°C. Visibility 10 miles. Variation 31° 
W. Use deviation and calibration tables of problem 1011e. 

Required.—For the apparent wind: (1) WD, (2) WS. For each of the first 4 legs: 
(3) IAS, (4) CAS, (5) TAS, (6) TH, (7) MH, (8) CH, (9) DRM, (10) SRM, (11) MRM, 
(12) TC, (13) PGS, (14) MC, (15) min. on leg, (16) TTT. 

Given.—At 1345 the pilot sights the carrier at a distance of 8 miles. 
directly for the ship and reads his compass, 238°. 

Required.—(17) Assuming the carrier has maintained course and speed, what was 
its estimated position at 1300? 

Answers.—Apparent wind: (1) WD 073°, (2) WS 29K. 


He heads 


Ist leg 2d leg Sd leg 4th leg 
(3): TAS oc este ee ek 124K 124K 124K 124K 
(4) CAS ee eec8 tous tee sete eatnte 122K 122K 122K 122K 
(5) A a Set oi 120K 120K 120K 120K 
(5 ages bs © Seem pe, ene eee oe ee 073° 357° 253° 148° 
oo) 8 0 Eeeper nec meneame eet ere Cn 104° 028° 284° 179° 
(8) Cee eee See SU 107° 031° 282° 178° 
9) TINY a oes icees ereck ee Sees ore 073° 343° 253° 163° 
C10) NN siete Saw te tte 91K 117K 149K 117K 
(11) MRM______.-_____________. 20 20 40 40 
C12) TC cca ett eS 064° 351° 260° 152° 
2 Be cd C eee eee a eee ete 111K 134.5K 132K 101K 
(14) MC__________.___-___-_---- 24 23 35 35 
(15) Nin: ONG 2 2c cease eee 13 10 16 20.5 
C16) TT Te eee ete mee taos 1313 1323 1339 1359.5 


(17) 1300 estimated position of carrier L 50°13’ N, \ 50°50’ W. 


CHAPTER XI 
RADIO 


1101. Structure of matter.—Matter, defined as anything which occupies space, 
consists of a great number of tiny units called molecules. Each molecule consists of 
one or more atoms. For many years an atom was considered the smallest unit of 
matter, as indicated by its name, which is derived from a Greek word meaning ‘‘indi- 
visible.”” It is now known that an atom is composed of smaller particles whose number 
and arrangement account for the different physical properties of the various kinds of 
matter making up the universe. The principal subatomic particles are the electron, 
the proton, and the neutron. Other particles have been detected or inferred to exist 
but they are transitory and do not form a major part of ordinary matter. The protons 
and neutrons form a closely packed group called the nucleus of the atom. Electrons 
revolve at high speed around the nucleus, at relatively great distances from it. A 
proton and a neutron each have about the same mass, which is 1,840 times the mass of 
an electron. An atom can be visualized as a miniature solar system in which the elec- 
trons revolve around the nucleus much as planets revolve around the sun (ch. XVI). 
The simplest atom, that of hydrogen, consists of a single proton as the nucleus, 
and a single, orbiting and spinning electron. 

A gravitational force exists between the proton and electron of an atom. An 
electrical force also exists. A gravitational force is always attractive, but an electrical 
force can be either attractive or repulsive. This electrical force is explained by ascrib- 
ing an electrical property called charge to protons and electrons. A proton is arbi- 
trarily said to have one unit of positive (+) charge, and an electron one unit of equal 
but opposite negative (—) charge. During a state of rest, protons repel other protons, 
electrons repel other electrons, but a proton attracts and is attracted by an electron. 
Hence, the rule that like charges repel, and unlike charges attract each other. Neutrons, 
as the name implies, are electrically neutral, having no charge, and hence are neither 
repelled nor attracted by a proton or electron, except by the relatively negligible gravi- 
tational force. Thev contribute to the mass but not the charge of a nucleus. 

In addition to the electrical forces between charged particles at rest, other forces 
exist which depend upon the relative motion of the particles. These are called mag- 
netic forces, and always accompany moving electrical charges. Although it is custom- 
ary to speak of the magnetism of a bar magnet as residing in its poles, the magnetic 
force originates in the motion of the subatomic particles of which the magnet. is com- 
posed. Thus, electricity and magnetism are not separate phenomena; both arise from 
the properties of electrical charges. 

1102. Electric field.—An electrical force, like a gravitational force, is of a type 
characterized by action at a distance. It is not known why gravity causes an apple 
to fall, or why unlike charges attract each other; but such are the experimental facts. 
To deal with such phenomena, it is said that a body modifies the space around it so 
that the surrounding conditions are different from what they would have been had the 
body not been there. The modified surrounding conditions are called a field, as the 
‘“‘oravitational field” of the earth. An clectric field surrounds every electric charge. 
This field exerts a force on every other charge with which it comes in contact. The 
direction of an electric field is arbitrarily designated as the direction of the electrical 
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force acting upon a posite charge within the field. The force is said to originate in 
the field, not in the charge creating the field. 

A conductor is material containing charges which are free to move under the influence 
of an electric field. If the electric field is maintained within the conducting circuit, 
the motion of the free charges is continuous. This motion is called current. If the 
field is always in the same direction, the resulting current is called direct current even 
though the field, and hence the current, may vary in magnitude. If the field periodically 
reverses direction, the current also reverses and is called an alternating current. 

The direction of a current is arbitrarily defined as that of the free positive charges. 
This is opposite to the motion of free electrons (negative charges) within the conductor. 
Material containing few free 
charges, and thus offering high 
resistance to the passage of an 
electric current is called a 
dielectric, or commonly an 
insulator. For every dielectric 
there is a limiting electric 
intensity (number of charges) 
called dielectric strength which 
if exceeded causes the dielectric 
to break down and become a 
conductor. Most of the met- 
als, notably copper, have many 

Ficure 1102.—Electron charges on a capacitor. free electrons and hence are 

good conductors (poor dielec- 

trics). Most of the nonmetals and gases have few free electrons, and hence are usu- 
ally poor conductors (good dielectrics). 

An ion is an atom or group of atoms which has lost or gained one or more electrons 
through the action of an ionizing agent such as cosmic rays, radioactivity, or ultraviolet 
light, or by collision with a rapidly moving particle. An atom which has lost an electron 
is a positive ion. If the detached electron attaches itself to a neutral atom, a negative 
ion is formed. At normal pressure, positive and negative gaseous ions soon recombine 
to reform the neutral gas. However, at reduced pressure recombination takes place 
more slowly, and the gas may continue in an ionized state. Ions behave in much the 
game manner as electrical charges. An ionized gas in a strong electric field is capable of 
conducting an electric current, as in the fluorescent tubes used for illumination and 
neon signs. A flash of lightning is the passage of an electric current along a low- 
resistance path formed by the atoms in the normally neutral air which have become 
ionized by the intense electric fields existing between clouds or between a cloud and 
the ground. 

Figure 1102 shows the two metal plates which are connected by a wire broken by 
a switch S. The dielectric between the plates is air. Suppose that the two plates 
receive from an external source a concentration of positive and negative charges, re- 
spectively, as shown in the figure. An electric field exists in the dielectric between the 
plates. The charges are isolated on the plates by the absence of a conducting path, 
and hence this arrangement, known as a capacitor, provides a convenient storage of 
electric charges. Its capacitance (C) is directly proportional to the area of the plates 
and inversely proportional to the distance between them. The unit of capacitance is 
the farad. If the switch is closed, a current flows in the wire in the direction shown until 
the electric field in the dielectric is exhausted and the charges on the plates are equalized. 


<—_——— CURRENT 
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FicureE 1103a.— Magnetic field around a conductor. 


1103. Magnetic field—When electric charges are in motion, as when a current is 
flowing in a conductor, a magnetic field forms around the conductor. Thus, in figure 
1103a, when the switch is closed, the resulting current sets up a magnetic field around 
the conductor in the direction indicated by the arrows. Once formed, the magnetic 
field surrounding all portions of the conductor is constant in direction and intensity 
if the generating current is also constant. For simplicity, only a cross section of 
the magnetic field is shown at A. Suppose that another conductor is located at B 
within the steady magnetic field, and is connected to a meter which indicates any current 
in B. If both conductors and the field are stationary, no current flows in B. If the 
distance between A and B or the in- 
tensity of the field is changed, a cur- 
rent is induced in B, which flows as 
long as the conditions continue to 
change. This process, called induc- 
tion, exists whenever a magnetic field 
changes relative to a conductor. 

When the switch is closed, the M&g-  soURCE 
netic field expands and its motion 
induces a current in B. If the switch 
is opened, the field collapses, its 
motion again inducing a current in B 
but in the opposite direction. The 
current in B results from any change 
in the magnetic field surrounding B, 
whether the change is due to relative 


motion of the conductors or to a 
change in field intensity. Figure 1103b.— Magnetic field around an inductance. 






If a current-carrying wire 1s 
wound into a coil, called an inductor, the resulting magnetic field is intensified propor- 
tionally to the number of turns. Conversely, the current induced in a coiled inductor 
by a changing field is proportional to the number of turns. The inductance (L) of a 
coil expressing the relationship between the strength of the field and the generating or 
induced current is a property of the coil itself and depends upon the size, shape, 
number, and spacing of the turns. The unit of inductance is the henry. The greater 
the inductance, the stronger the magnetic field for a given current or, conversely, the 
greater the current induced by a given change in the field. 

Figure 1103b is similar to A in figure 1103a except that an inductance L is included. 
When the switch is closed, part of the energy of the resulting current is stored in the 
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magnetic field. When the switch is opened, this energy is returned to the circuit. 
Thus, both an inductor and a capacitor are capable of storing energy, electrical energy in 
the electric field of the capacitor (fig. 1102) and magnetic energy in the magnetic field 
of the inductor (fig. 1103b). The electric field is caused by the presence of a charge, 
the magnetic field is caused by the motion of a charge. 
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FicureE 1104a—Inductance and charged capacitance. Ficure 1104b.—Energy is now in magnetic field 


1104. Oscillating circuit.—Suppose that a circuit contains both capacitance (C) 
and inductance (I) as in figure 1104a, and that the capacitor is charged as shown. 
Since the switch (S) is open, no current flows, and hence no magnetic field exists. 
When the switch is closed, the energy in the electric field at the capacitor causes a cur- 
rent to flow in the inductor, thereby creating a magnetic field. By Lenz’s law, the 
expansion of this field past the turns of 
the inductor tends to oppose by self-in- 
duction the growth of the current, which 
continues, however, until the capacitor is 
completely discharged (fig. 1104b). All 
of the energy in the circuit now resides in 
Ses the magnetic field. When the current 
eee ceases, there is nothing to sustain the 
magnetic field, which promptly collapses, 
returning its energy to the circuit. Self- 
induction due to the collapsing field now 
tends to oppose the decrease in current. 
That is, it tends to continue the current 






S in the same direction as before. This re- 
Ficure 1104c.—Capacitor charged with reversed charges the capacitor, but with the positive 
polarity. charges concentrated on the opposite plate 


as shown in figure 1104c. The energy of 
the circuit has now been transferred from the magnetic field to the electric field. This 
sequence repeats itself indefinitely. The energy is transferred back and forth between 
the electric and magnetic fields until all of the energy has been dissipated as heat in 
overcoming the resistance of the wire. The frequency (f) at which the cycle repeats 
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depends upon the magnitudes of the inductance (L) and capacitance (C) in the circuit, 
and for negligible resistance, is given by the formula 


fesse ne 
9x VLC 


in which f is in cycles per second, ZL is in henries, and C is in farads. 

The oscillating circuit lies at the heart of radio, because it provides (1) a source 
of alternating electric and magnetic fields, and (2) a means of controlling the frequency 
of the oscillations. The latter is sometimes called tuning. Thus to increase the fre- 
quency of an oscillating circuit, cither or both the inductance and the capacitance is 
reduced. Inductance is changed by adjusting the number of the turns of the coil or 
otherwise changing its characteristics. This is inconvenient in most cases and ordinary 
tuning is accomplished by adjusting the effective area of the capacitor plates. 

1105. Electromagnetic radiation.—As stated previously, most of the energy stored 
in the electric field of a capacitor or the magnetic field of an inductor is restored to the 
circuit when the capacitor has become discharged or when current ceases to flow in the 
inductor. These fields expand and contract at nearly the speed of light, which is 
approximately 300,000,000 meters (186,000 miles) per second. At very low frequencies 
there is ample time for the restoration of energy to take place. However, as frequency 
increases, the recurring cycles become faster. When the time needed for the field to 
expand and collapse is more than about one-half of a cycle, some of the energy becomes 
detached and continues to radiate into space at approximately the speed of light. 
Such radiating energy, called electromagnetic radiation, is the link between a radio 
transmitter and a radio receiver. 

The ordinary parallel plate capacitor is an inefficient radiator of energy despite 
the strong electric field between its plates. However, if two conductors are placed 
end to end, as in figure 1105a, a much greater radiation efficiency results. The group 
of conductors from which radio energy emanates is called an antenna, many forms of 
which are in use. An antenna with its associated inductance forms an oscillating cir- 
cuit which in a radio transmitter is inductively coupled to a high-frequency power 
source. In a radio receiver, the current induced in the antenna provides the signal 
which is made intelligible by the various components of the receiver. The arrangement 
shown in figure 1105a is called a dipole in which the two halves of the vertical con- 
ductor correspond to the plates of a capacitor. In other antennas an elevated wire 
forms one plate of a simple capacitor, and the earth forms the other plate. The electric 
field (£) is vertical, as shown by the solid arrows, and since current flows in the dipole, a 
magnetic field (H) forms horizontally around the vertical conductors. Since the electro- 
magnetic field is generated by an oscillating circuit, the direction of the electric field 
is alternately upward and downward, and the direction of the magnetic field is alter- 
nately opposite in the horizontal plane. 

The electromagnetic ficld radiating from a transmitting antenna retains its dual 
electric and magnetic character. For a vertical antenna the electric field is vertical 
and the magnetic field is horizontal. In this case the radiated electromagnetic field is 
vertically polarized, the direction of polarization being customarily referred to the 
electric field. Figure 1105b represents a vertically polarized electromagnetic field 
advancing toward the reader. The electric and magnetic fields are always perpendicu- 
lar to each other and to the direction of motion. One-half cycle later as the polarity 
of the source is reversed, the directions of both fields are also reversed. 

Alternating current, electromagnetic radiation, or certain associated quantities 
can be represented by a sine curve, as shown In figure 1105c. The top of a wave, repre- 
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FicureE 1105a.— Dipole antenna showing fields. 


senting the maximum positive value, is called the crest of the wave. The bottom, 
representing the maximum negative value, is called the trough. Either maximum 
may be called a peak. Half the vertical distance between peaks is called amplitude. 
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FicureE 1105b.—Vertically polarized field. 


It is the maximum value each side 
of zero. Wave length (A) is the 
distance between corresponding 
points on consecutive waves, as 
from crest to crest. It is the 
distance a wave travels during 
one cycle. Frequency (f) is the 
number of cycles per unit time, 
usually 1 second. Frequency 
may be stated in terms of cycles 
per second (cps), kilocycles per 
second (ke), or megacycles per 
second (mc). <A _ kilocycle is 
1,000 cycles. A megacycle is 
1,000,000 cycles. A _ kilomega- 
cycle is 1,000,000,000 cycles. 
The rate at which the ra- 
diated energy travels (about 
300,000,000 meters per second) 
is called the speed of propagation 
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(c). It differs slightly with changes in frequency and density of the air or other medium 
through which it travels. The wave length, speed of propagation, and frequency are 
related by the formula A=F To obtain wave length in meters (approximately), use 
c=300,000,000 if f is given in cps, c=300,000 if f is given in ke, and c=300 if f is given 
in mc. 

Radiated electromagnetic energy suitable for radio communication is called a 
radio wave. The range of frequencies involved, called the radio spectrum, extends 
approximately from 10 kc to 






300,000 mc, and has been ar- + 1 CYCLE 
bitrarily divided into bands as 
shown in table 1105. The Crest WAVE LENGTH (A) 


standard broadcasting band 
of the United States (535 ke 
to 1605 kc) is in the medium 
frequency (MF) band. Signals 
in the frequency range of about 
20 to 20,000 cycles per second 
are within the audible range; 
hence this band is called the . TIME 
audio-frequency (AF) band. Fiaure 1105c.—Wave nomenclature. 

Heat, infrared, visible light,ul- 

tra violet, X-rays, gamma rays, and cosmic rays all have frequencies higher than the 
radio-frequency (RF) band containing the radio wave frequencies, as shown in table 
1105. The highest frequency radiations result from molecular or atomic activity 
whose nature is still imperfectly understood. 
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TABLE 1105—Electromagnetic Spectrum 


Band Abbre- Range of frequency Range of wave length 
viation 

Audio frequency_____.------- AF 20 to 20,000 cps_-_-------- 15,000,000 to 15,000 m 
Radio frequency .__-.-------- RF 10 ke to 300,000 mc_-_--_-_-- 30,000 m to 0.1 cm 

Very low frequency - ------- VLF | 10 to 30 ke___------------ 30,000 to 10,000 m 

Low frequency. __--------- LF 30 to 300 ke. __.---------- 10,000 to 1,000 m 

Medium frequency.._------| MF 300 to 3,000 kc___.-------- 1,000 to 100 m 

High frequency... ------- - HF 3 to 30 mc____------------ 100 to 10 m 

Very high frequency - - - - -- - VHF | 30 to 300 mc___.---------- 10 tol m 

Ultra high frequency-.----. - UHF | 300 to 3,000 mc_-__-_-.----| 100 to 10 cm 

Super high frequency......-; SHF_ | 3,000 to 30,000 mc___._---- 10 to 1 cm 

Extremely high frequency_--| EHF | 30,000 to 300,000 mce__---_-- 1 to 0.1 cm 
Heat and infrared*_______--.,.-------| 106 to 3.9108 me___--____ 0.03 to 7.6 10-5 cm 
Visible spectrum*______------|-------- 3.9X 108 to 7.9X 108 me__._| 7.6X 10-5 to 3.8X 10-5 cm 
Ultraviolet *: 222 22.22.2626 c|.caeeess 7.9X 108 to 2.3 10! me__- -| 3.8X 10-5 to 1.3K 10-* ecm 
IMPAYS 5 ose ee eee Sohne et tegee 2.0 10° to 3.0108 me__._| 1.5%10-5 to 1.0 10-° cm 
Gamma rays*__..-----------|-------- 2.3X 10” to 3.0X10" me_-_-_}| 1.3% 10-8 to 1.0107! cm 
Cosmic rays*.._..-----------| ------- >4.8X 108 me__-.--_.---- <6.2X10-" cm 


*Values approximate. 
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1106. A radio wave, as indicated above, is an oscillating electromagnetic field. 
A continuing scries of such waves of like characteristics is called a Continuous wave 
(CW). Such a wave can be used in Morse code transmission, being ‘“‘keyed” so that 
the signal is interrupted when desired. A CW radio signal cannot be heard unless it is 
made audible by a suitable method, such as a beat-frequency oscillator (art. 1111). 

A continuous wave may be modified in accordance with some characteristic of an 
audio frequency signal, such as that produced by the human voice. When thus used, 
it is called a carrier wave. The process of modifying the carrier wave in this manner 
is called modulation. After this has taken place, the carrier wave may be called a 
modulated CW wave, and the audio frequency signal causing the modification is called 
the modulating signal. When this form of radio transmission is used, the transmitting 
station generates the carrier wave and modulates it by the message to be conveyed. 
The receiver demodulates the incoming signal by removing the modulating signal and 
converting it back to its original form. 

There are four principal kinds of modulation. In amplitude modulation (AM) 
the amplitude of the carrier wave is altered. This is the most widely used form of 
modulation, being employed for low frequency radio ranges and beacons, most. voice 
communication, and ‘‘broadcast band’’ commercial broadcasting. In frequency 
modulation (FM) the frequency of the carrier wave is altered. This is used in some 
volce communication, in some commercial broadcasting, in the sound channels of 
television, and in the omnirange system (art. 1117). It provides nearly static-free 
reception. In phase modulation the phase (amount by which a cycle has progressed 
from a reference origin) of the carrier wave is altered. This is similar in some respects 
to frequency modulation and has some engineering advantages. An FM receiver can 
be used with either frequency or phase modulation, but not amplitude modulation, 
nor can an AM receiver be used with frequency of phase modulation. In pulse modu- 
lation (PM) very short bursts of carrier wave signals are transmitted, followed by 
relatively long periods during which no signal is transmitted. Pulses are used in such 
navigational aids as loran, radar, and distance measuring equipment; and in radio 
teletype circuits. 

With amplitude modulation, two side bands are radiated, the frequencies of which 
are the sum and difference, respectively, of the carrier and modulating frequencies. 
The intelligence is carried only on the side bands. In single side bands (SSB) trans- 
mission the carricr and one of the side bands is suppressed, producing narrow band- 
width transmission. Bandwidth is the amount of radio spectrum required for trans- 
mission, including the carrier wave and both side bands when present. Single side band 
transmission js desirable in that it effects economy in the use of limited frequency bands. 

Navigators are interested in the characteristics of the various types of radio 
emissions in order to utilize their electronic equipment to best advantage and under- 
stand the possibilities and limitations of the signal from a particular radio facility. 
For example, the direction of an unmodulated CW signal can be obtained continuously 
from an automatic direction finder (ADF) even though such a signal is inaudible in an 
ordinary receiver set for audio reception. 

The type of signal transmitted by a given station is stated in abbreviated form in 
radio facility lists such as H.O. Pub. No. 117, Radio Navigational Aids. The abbrevia- 
tions used (table 1106) are those adopted by the 1947 International Telecommunication 
and Radio Conference in Atlantic City. 
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TABLE 1106 
Types of Modulation: Types of Transmission—Continued 
Amplittide 2: 202.52 2cee ce A Television. ___-._--_-_-.-.-___.-- 5 
Frequency (or phase) .___...-.--- F Composite____...--.---.-_-___- 9 
PUlsGide siete ile kt SAG ccs Sls P || Supplementary Characteristics: 
Types of Transmission: Double side band, full carrier__._| (none) 
Absence of any modulation in- 0 Single side band, reduced carrier. - a 
tended to carry information. Two independent side bands, re- b 
Telegraphy without the use of 1 duced carrier. 
modulating frequency. Other emissions, reduced carrier. - Cc 
Telegraphy by the keying of a 2 Pulse, amplitude modulated. __-_-_- d 
modulating audiofrequency. Pulse, width modulated. ________- e 
Telephony___.......----------- 3 Pulse, phase (or position) mod- f 
Facsimile... .22622255.ceceeuseee 4 ulated. 


An ordinary voice transmission is avbreviated A3, and the transmission of a signal 
by unmodulated carrier (CW) is abbreviated Al. Where voice is carried on one of the 
side bands, the signal type is abbreviated A3a. 

A radio transmitter consists essentially of (1) a power supply to furnish direct 
current; (2) an oscillator to convert direct current into radio frequency oscillations 
(the carrier wave); (3) an amplifier to increase the output of the oscillator; (4) a device 
for controlling the frequency of the generated signal; and, for most transmitters, (5) 
a modulator to produce modulation of the carrier wave. These components are 
illustrated diagrammatically in figure 1106. 
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Ficure 1106.—Schematic drawing of radio transmitter. 


In addition, an antenna (art. 1105) is needed to produce electromagnetic radiation. 
An antenna assembly consists of an antenna, connecting wires, and all accessories. 
An antenna array consists of a group of antennas arranged so as to obtain directional 
characteristics. This may also be accomplished by means of a reflector to reflect some 
of the radiated energy in a desired direction, or one or more directors to concentrate 
the energy. By these and other means the antenna or antennas can be given directional 
properties, so that the radiated signals are much stronger in one or more desired direc- 
tions or arcs than in others. This radiation pattern is affected, also, by the location of 
the antenna array with respect to mountains, water surfaces, buildings, and other 
reflecting surfaces nearby. 


270 RADIO 


1107. Radio wave propagation.—The principal difference between light waves 
and radio waves is frequency. It is not surprising, therefore, that they have many 
similar characteristics. Radio waves undergo refraction, reflection, diffraction, and 
absorption, and become attenuated (reduced in amplitude) as they travel from the 
source of radiation. 

Electromagnetic energy emitted from a nondirectional antenna near the surface 
of the earth travels in all directions horizontally and vertically in a series of expanding, 
concentric spheres. The path of a small area of the advancing wave front is conven- 
iently shown by a line or ray, as in figure 1107a, in which the alternate positive and 
negative spheres are shown as dense and light arcs, respectively. 





Figure 1107a.—Radio wave propagation. 


The vertical angle which a ray makes with the horizontal at the transmitter is 
called radiation angle. If the radiation angle is small, either positive or negative, the 
energy travels near the surface of the earth. Such a wave, called a ground wave, 
tends to follow the curvature of the earth, and hence can reach points which are beyond 
the visible horizon. This curvature is caused both by refraction in the lower atmos- 
phere, and diffraction due to proximity to the ground. Ground waves induce currents 
in the earth at the expense of energy in the wave, and the conductivity of the ground 
strongly affects the range of ground wave signals. Range is greater over water, and 
less over frozen ground or ice, than over unfrozen ground. Some of the energy 
striking the ground is reflected and changed in phase. These effects diminish as 
frequency increases. Transmissions in the VHF and higher frequency bands closely 
follow the line of sight, the amount of refraction not greatly exceeding that of light. 

A radio wave leaving the antenna at a high positive radiation angle travels in an 
approximately straight line until it reaches the ionosphere (art. 1108). Here, one or 
more of three effects occur: (1) The energy is refracted by the ionized layer and con- 
tinues in a changed direction to outer space. (2) The energy is absorbed in the ion- 
osphere. (3) The energy is reflected back to earth. <A radio wave reflected back to 
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earth is called a sky wave to distinguish it from a ground wave. A radio wave which 
travels directly from the transmitting antenna to the receiving antenna without being 
affected materially by the ground or ionosphere is called a direct wave. 

The proportion of the reflected energy to the total energy of a ray leaving the 
antenna depends upon the frequency and the radiation angle. For every frequency 
there is a critical radiation angle. All rays leaving the transmitting antenna at greater 
angles either pass through the ionosphere or are absorbed by it. All rays leaving at the 
critical radiation angle or less are reflected, but are increasingly absorbed as radiation 
angle decreases. For a given frequency a minimum distance from the transmitting 
antenna exists within which no sky wave is received. This minimum distance is called 
skip distance. If the distance covered by ground waves is less than the skip distance, 
a skip zone occurs between the outer limit of the ground waves and the first of the sky 
waves. Figure 1107b illustrates the effect of a change in radiation angle for radio 
energy at constant frequency. 





Figure 1107b.—Effect of change of radiation angle. 


As the frequency becomes higher, the critical radiation angle becomes smaller. 
With a decrease in this angle, the skip distance becomes greater. Therefore, for any 
given distance from a transmitter (as at A in fig. 1107c) there is a maximum usable 
frequency (MUF) if sky waves are to be used. At higher frequencies the receiver 
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Ficure 1107c.—Skip distance. 
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1107. Radio wave propagation.—The principal difference between light waves 
and radio waves is frequency. It is not surprising, therefore, that they have many 
similar characteristics. Radio waves undergo refraction, reflection, diffraction, and 
absorption, and become attenuated (reduced in amplitude) as they travel from the 
source of radiation. 

Electromagnetic energy emitted from a nondirectional antenna near the surface 
of the earth travels in all directions horizontally and vertically in a series of expanding, 
concentric spheres. The path of a small area of the advancing wave front is conven- 
iently shown by a line or ray, as in figure 1107a, in which the alternate positive and 
negative spheres are shown as dense and light arcs, respectively. 
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Figure 1107a.—Radio wave propagation. 


The vertical angle which a ray makes with the horizontal at the transmitter is 
called radiation angle. If the radiation angle is small, either positive or negative, the 
energy travels near the surface of the earth. Such a wave, called a ground wave, 
tends to follow the curvature of the earth, and hence can reach points which are beyond 
the visible horizon. This curvature is caused both by refraction in the lower atmos- 
phere, and diffraction due to proximity to the ground. Ground waves induce currents 
in the earth at the expense of energy in the wave, and the conductivity of the ground 
strongly affects the range of ground wave signals. Range is greater over water, and 
less over frozen ground or ice, than over unfrozen ground. Some of the energy 
striking the ground is reflected and changed in phase. These effects diminish as 
frequency increases. Transmissions in the VHF and higher frequency bands closely 
follow the line of sight, the amount of refraction not greatly exceeding that of light. 

A radio wave leaving the antenna at a high positive radiation angle travels in an 
approximately straight line until it reaches the ionosphere (art. 1108). Here, one or 
more of three effects occur: (1) The energy is refracted by the ionized layer and con- 
tinues in a changed direction to outer space. (2) The energy is absorbed in the ion- 
osphere. (3) The energy is reflected back to earth. A radio wave reflected back to 
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earth is called a sky wave to distinguish it from a ground wave. A radio wave which 
travels directly from the transmitting antenna to the receiving antenna without being 
affected materially by the ground or ionosphere is called a direct wave. 

The proportion of the reflected energy to the total energy of a ray leaving the 
antenna depends upon the frequency and the radiation angle. For every frequency 
there is a critical radiation angle. All rays leaving the transmitting antenna at greater 
angles either pass through the ionosphere or are absorbed by it. All rays leaving at the 
critical radiation angle or less are reflected, but are increasingly absorbed as radiation 
angle decreases. For a given frequency a minimum distance from the transmitting 
antenna exists within which no sky wave is received. This minimum distance is called 
skip distance. If the distance covered by ground waves is less than the skip distance, 
a skip zone occurs between the outer limit of the ground waves and the first of the sky 
waves. Figure 1107b illustrates the effect of a change in radiation angle for radio 
energy at constant frequency. 





Ficure 1107b.—Effect of change of radiation angle. 


As the frequency becomes higher, the critical radiation angle becomes smaller. 
With a decrease in this angle, the skip distance becomes greater. Therefore, for any 
given distance from a transmitter (as at A in fig. 1107c) there is a maximum usable 
frequency (MUF) if sky waves are to be used. At higher frequencies the receiver 
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Figure 1107c.—Skip distance. 
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is within the skip zone (if ground waves are not received), and no signal is received, 
except possibly a weak one due to incidental scatter. At lower frequencies attenua- 
tion is greater. Therefore, sky waves are strongest at frequencies near the MUF. 

1108. Ionosphere.—As described in article 414, that part of the atmosphere known 
as the ionosphere contains several layers of ionized gas (art. 1102). The ionized 
structure of the upper atmosphere results principally from the changes affected by 
ultraviolet light from the sun. In the rarefied upper atmosphere, ions are not soon 
neutralized by recombination because of the greater distances between them, and 
therefore a large number of free electrons and ionized particles congregate. 

As shown in table 1105, ultraviolet light may be of any frequency from 7.8 X 10"* 
to 2.4X10'* eps. At different frequencies it has power to ionize gases of different 
characteristics. This accounts for the various layers of the ionosphere. The highest 
layer, the F,, is the strongest and most persistent, being in the region of most rarefied 
atmosphere. During the day this layer is at about 125 statute miles above the surface 
of the earth. Below this, the F, and E layers, at about 90 and 60 miles, respectively, 
are both weaker and less persistent than the F, layer. Below the E layer, the D layer 
frequently forms at a height of about 45 miles. The D layer strongly absorbs radio 
waves of about 1 mc, during daylight only. 

The ionizing rays from the sun are most effective when they are normal to the 
atmosphere; that is, when the sun is directly overhead. Ion production decreases 
rapidly after sunset, and ions and electrons recombine faster than they are separated. 
By sunrise the three lower layers have almost completely vanished. The F, layer 
becomes weaker, but continues throughout the night. It gradually becomes lower for 
several hours, until it reaches about 90 miles, the height of the F, layer during the day. 
During the first few hours after sunrise, the F, layer returns to its daytime height at 
about 125 miles. Also, the F; layer is apparently affected by the earth’s magnetic 
field. The distribution of its ion density changes when the sun is over the meridians of 
69° W. and 111° E. the longitudes of the north and south geomagnetic poles, respectively. 
Conditions differ within the zones of maximum auroral activity, where ionization is 
very intense during periods of strong solar emissions. This seriously affects radio 
propagation over paths crossing these regions. See article 2618. 

1109. Variations in radio propagation are of importance in navigation, partic- 
ularly in the skillful use of loran and direction-finding equipment. Normally, ground 
waves are received in the same form as transmitted. However, if terrain irregularities 
such as mountains or magnetic anomalies exist between the transmitter and receiver, 
reflections and other disturbances may so affect the signal that it seems to come from 
a false direction, or be so rotated from its normal vertical polarization that a vertical 
loop antenna extracts a smaller component of the energy of the passing wave. Under 
such conditions a direction-finder bearing may be in error by several degrees. Sim- 
ilarly, a radio range leg (art. 1116) may be bent or displaced, or deceptive multiple 
legs may appear. If a ground wave crosses a coast, a change of direction called 
coastal refraction or land effect is sometimes observed. This is caused by the dif- 
ference in reflecting properties between the water surface and the ground. Near sunset 
and sunrise, in a fringe area where ground waves and sky waves overlap, radio signals 
tend to become confused due to the rapid changes occurring in the ionosphere at such 
times. This is known as polarization error or night effect. 

If a ground wave and a sky wave are received together, they combine algebraically. 
The path of the sky wave via the reflecting layer is longer than that of the ground 
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wave. Also, the speed of a radio wave in an ionized layer is different from that in an 
un-ionized medium, being faster as electronic density increases. This accounts for 
the reflecting power of the ionosphere, where the higher portion of a wave travels 
faster than the lower portion, thus changing the direction of the wave front. Hence, 
the process is actually one of refraction, rather than reflection. It is commonly called 
reflection because the results are the same; that is, the ray travels to the ionosphere, 
where it is bent sufficiently so that it returns to the earth. The net result of the 
increased path length and the changed speed is that two portions of a wave front 
leaving the transmitting antenna at the same instant arrive at different times. If 
the two signals arrive at the receiver in phase, so that the crests and troughs (fig. 
1105c) arrive together, the two signals reinforce each other, giving a stronger signal. 
If, however, they arrive in opposite phase (180° out of phase) so that the crest of one 
wave arrives with the trough of the other, the two tend to cancel each other, and no 
signal is detectable if the two components are of equal strength. The changing phase 
relationship of two such signals results in intermittent fading. 

Fading of sky waves alone occurs beyond the ground wave range because of the 
tenuous and variable nature of the reflecting layer, resulting in changes in its reflecting 
power and interference of components reflected from different portions. See chapter 
XITI. 

Radio energy is also reflected from the earth. Consequently, when a sky wave 
arrives at the ground, it may be reflected back to the ionosphere and thence back again 
to earth, this process being repeated a number of times. Each trip to the ionosphere 
and back to the surface of the earth is called a hop. Sky waves are designated by the 
number of hops that have occurred, and the layer at which reflection takes place. 
Thus, as shown in figure 1109, a sky wave may be designated as ‘‘one-hop-E,”’ 
“‘two-hop-F,”’ etc. Great distances may be covered by multihop sky waves as 
successive reflections occur. 

1110. Detection of radio waves.— When an electromagnetic field passes a conductor 
such as an antenna, a current is induced in the conductor, which thereby becomes a 
generator of radio frequency power. A radio receiver is a device which accepts the 
power thus gencrated by an antenna, and transforms it into usable form. The output 
of a receiver is presented aurally via earphone or loud speaker, or visually on a dial, 
cathode ray tube, counter, or other display. Thus, the detection of a radio signal 
involves, in general, three types of equipment, the antenna unit, the receiving unit, 
and the display unit. 

Navigators need not have a knowledge of the detailed theory and the circuitry of 
a radio receiver, but they should be aware of the general characteristics of receivers, 
so as to distinguish between suitable and unsuitable equipment and between good and 
faulty operation. 

A radio receiver consists essentially of electrical components capable of doing four 
things: (1) selecting signals of a single frequency (actually a narrow band of frequencies) 
from among the thousands existing together in the receiving antenna, (2) amplifying 
that signal without distortion until it is sufficiently powerful to actuate succeeding 
devices within the receiver, (3) demodulating any modulated signal (see art. 1106) so 
as to produce a new signal of audible or other usable frequency, (4) amplifying that 
signal still further until, at the output of the receiver, it can operate the devices which 
present the signal in usable form (the display unit). 
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Ficure 1109.—Multiple reflections. 
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1111. Characteristics of radio receivers.—Radio receivers differ mainly in the 
following respects: (1) frequency range, the range of frequencies to which the receiver 
can be tuned; (2) selectivity, the ability to discriminate against unwanted signals of 
other frequencies; (3) sensitivity, the ability to amplify a weak signal to usable strength 
against a background of noise; (4) stability, the ability to operate smoothly as the 
controls are varied and to resist drift from conditions or values to which it is set; and 
(5) fidelity, the accuracy with which the essential characteristics of the original signal 
are reproduced. 

They may differ, also, in the auxiliary features incorporated within their design. 
Some of the more common of these are: automatic gain control (AGC), sometimes 
called automatic volume control (AVC) ; automatic frequency control (AFC) ; automatic 
noise limiter (ANL); beat frequency oscillator (BFO); and tone control. The gain 
of a receiver is the ratio of output to input, and hence may be considered, in effect, a 
measure of volume, or “‘loudness”’ in the case of an audible signal. 

A beat frequency oscillator is used to obtain an audible signal from an unmodulated 
signal at radio frequency. ‘This device, which may be incorporated within a receiver, 
generates a signal at a frequency differing from the frequency of the received signal 
by approximately 500 to 1,000 cycles. The interaction of the two signals produces 
signals of two additional beat frequencies equal to the sum and difference, respectively, 
of the two original frequencies. Thus, if the intermediate frequency (IF) (a frequency 
to which all signals are converted for electrical convenience in superheterodyne receivers) 
is 456 ke, and the BFO frequency is 455 ke, the two new frequencies are 455 +456=911 
ke and 456 —455=1 kc=1,000 cps. The 1 kc signal is within the audible range and 
therefore is heard if the BFO is turned “on” during reception of all signals. If the 
BFO of a receiver is turned ‘‘off,” or if none is provided, an unmodulated signal of radio 
frequency is inaudible but may be ‘‘seen”’ if suitable display equipment is provided. 
The British long-range navigational system consol (art. 1317) requires a receiver with 
a BFO, while an automatic direction finder (art. 1114) provides a visual indication 
without a BFO. 

Most airborne radio receivers have only the minimum number of refinements 
compatible with adequate operation, because of weight and space limitations. Marine- 
type receivers, as those in use on an aircraft carrier, where limitations are less critical, 
may have additional features. 

1112. Interference is the presence, in the output of a receiver, of unwanted noise 
or signals from stations transmitting on the same or nearly the same frequency. In 
the latter case, it is sometimes called cross talk; and by radio operators, QRM. _Inter- 
ference intentionally produced, usually by an enemy, to prevent reception of desired 
signals is called jamming. Noise is stray electrical signals picked up by the antenna, 
or produced internally within the receiver. It is sometimes called static or atmos- 
pherics; and by radio operators, QRN. 

The amount of interference received may be closely related to the selectivity 
(art. 1111) of the receiver. If two stations are transmitting on nearly the same fre- 
quency, the spread of frequencies at which the signals can be received may overlap 
if the receiver has low selectivity, thus producing interference. With a receiver of 
sufficiently high selectivity to prevent overlapping, or spillover, there is no interference. 
In some navigational equipment high selectivity is desirable. However, a highly 
selective receiver may not have sufficient band width to accommodate all side bands 
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(art. 1106) of a musical broadcast, thus reducing the fidelity (art. 1111). Therefore, 
the fidelity of receivers intended primarily for reception of navigational signals is 
sacrificed to obtain greater selectivity, while the reverse is often true of receivers in- 
tended for reception of commercial broadcasts. Interference may also be reduced by 
decreasing the sensitivity or radio frequency (RF) gain. On some airborne equipment 
it is possible to reduce interference by adjusting a manually operated loop antenna 
(art. 1113). 

The source of noise, or static, is either natural or man-made. The principal 
natural source is the discharge of static electricity in the atmosphere. Extreme noise 
resulting from a nearby thunderstorm is familiar to most listeners to AM radio. 

The discharge of static electricity creates electromagnetic waves similar to radio 
waves, but of mixed frequencies, principally in the low and medium frequency bands. 
Therefore, they cannot be “tuned out” of a receiver operating in these frequencies. 
Since the amplitude of these extraneous waves is continually changing, they are, in 
effect, being amplitude modulated, and an AM receiver responds to them as to any 
other signal of the same frequency. If the amplitude of the noise (the noise level) is 
sufficiently high to mask the desired signal, that signal cannot be interpreted. 

Noise may also result from the gradual accumulation and sudden discharge of 
static electricity picked up by antennas and metal-skinned aircraft in flight. Negligible 
electrical charge accumulates on an aircraft flying in clear atmosphere containing no 
liquid or solid particles. However, when such particles exist in the air, they may 
carry an electrical charge which is transferred to an exposed antenna or to the aircraft 
itself upon impact. Ifa water droplet is split into two parts, one part tends to acquire 
a positive charge and the other part a negative charge. Friction of neutral particles 
against the airfoils also tends to produce a charge on an aircraft. When the charge 
on the aircraft exceeds the dielectric strength (art. 1102) of the adjacent air, the accu- 
mulated charge leaks off, resulting in a corona discharge. Under some conditions this 
becomes visible, when it is called St. Elmo’s fire. This can sometimes be seen at the 
wing tips, nose, propellers, and at the extremities of the vertical and horizontal control 
surfaces. 

Transfer of electrical energy from rain drops causes the noise known as precipitation 
static in aircraft AM receivers. It can be reduced by installing, on the trailing edges 
of wing tips and control surfaces, static suppressors or static dischargers (sometimes 
called wick dischargers). ‘These are fibrous conducting tubes terminating in many 
fine points which are constantly renewed as the retaining wick frays in the air stream. 
Such dischargers allow static electricity to leak slowly away from the aircraft before 
sufficient accumulation can occur to permit sudden discharge into the atmosphere. 
They also reduce the possibility of lightning striking the aircraft. Precipitation static 
may be reduced, also, by coating the external antenna surfaces with polyethelene, or 
enclosing a loop antenna so as to shield it from the impact of charged particles. A 
shielded loop antenna rotated so that its plane is fore and aft sometimes provides 
readable signals under severe static conditions. A temporary reduction of airspeed 
may enable a navigator to use an otherwise unreadable signal. 

Man-made electrical noise originates in electrical equipment within the aircraft; 
engine ignition, generators, and motors being the chief sources. It can be eliminated 
by suitable shielding and filtering, the bonding of metallic surfaces, the elimination of 
poor electrical connections which become loose under vibration, and the proper adjust- 
ment of motor and generator brushes. 
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Since the frequency of most noise is less than 30 me, higher frequency bands are 
relatively quiet. For this reason the VHF and UHF bands are increasingly utilized 
when reliable communication is essential, as in traffic control circuits. On these bands, 
cosmic noise of galactic origin, is a limiting factor. 

Because of the always-present possibility of encountering interference or noise of 
such magnitude as to render any particular navigational aid unusable, as well as the 
possibility of either transmitting or receiving equipment failure, it is not wise to rely 
solely upon such an aid for safe navigation, when it is not necessary to do so. 

1113. Directional antennas.—A directional antenna is one that transmits or re- 
ceives radio signals more efficiently in one or certain directions than in others. A 
single-wire, vertical antenna is nondirectional. A loop of wire or two single wires 
suitably connected have important directional characteristics either for transmitting 
or receiving radio signals. Figure 1113a shows a plan view of the horizontal component 
of a wave train advancing from top to bottom of the page. A and B are the cross 
sections of a loop or the top views of two vertical single-wire antennas. If the series 
of arrows represents successive crests of the magnetic component of the advancing 
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Figure 1113a.—Plan view of loop antennas in an electromagnetic field. 
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electromagnetic field, these crests reach both A and B at the same time. If the an- 
tennas are situated with respect to the field as at Cand D, the crests arrive at the 
two wires at different times, and an induced current flows between them if they are 
suitably connected. The maximum effect occurs when C and D are half a wave 
length apart. However, except for the higher frequencies, this spacing is impractical 
except for ground installations. 

Directional antennas for mobile use are usually in the form of loops which extract 
a portion of the signal energy. ‘Thus, in figure 1113b, the sine curve represents the 
magnetic component of an electromagnetic field passing a loop antenna whose plane 
is parallel to the radio path. For the instant shown, the crest of the wave is at the 
right-hand side of the loop and the trough is at the left-hand side. Current is thus 
produced in the direction shown by the arrows. When the crest has moved to the 
left-hand side of the loop, the current has reversed, as shown in figure 1113c. The 





+ 
Antenna Output 
Antenna Output 
FicureE 1113¢c.—Loop current at end of 
FicurE 1113b.—Loop current at start of cycle. one half cycle. 


position of the loop in both figures corresponds to points C and D in figure 1113a. 
If the loop is rotated 90°, both its sides receive maximum ficld intensity at the same 
time (as at A B fig. 1113a), and hence no difference exists to produce acurrent. Antenna 
output is therefore zero. 

Other methods of producing directional properties are used, but the loop is perhaps 
the simplest, and the most widely used in airborne navigational equipment. 

The field intensity of an electromagnetic field is expressed in microvolts (millionths 
of a volt) per meter; that is, by the number of microvolts induced in an antenna having 
an effective height of one meter. The effective height of a loop antenna is given by 
h=2.0944nAf, where 

h=effective height, a numerical factor, 
n=number of turns of wire in the loop, 

A= Area of each turn in square meters, 
f=frequency in kilocycles. 

The directional properties of a receiving or transmitting antenna are portrayable 
by means of a polar diagram which shows the intensity or signal strength as a function 
of relative bearing. Suppose that figure 1113d is the top view of a vertical loop in a 
uniform magnetic field moving in the direction shown. Suppose, further, that as the 
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Figure 1113d.—Top view of vertical loop. 


loop is rotated clockwise around its vertical axis, the following voltages are measured 
at the respective positions: 


Angle between radio 
path and plane Microvolts induced 


of loop an loop 
° 

0 (+) 10.0 
30 (+) 8.7 
60 (+) 5.0 
90 0.0 
120 (—) 5.0 
150 (—) 8.7 
180 (—) 10.0 
210 (—) 8.7 
240 (—) 5.0 
270 0.0 
300 (+) 5.0 
330 (+) 8.7 


If these numerical values of direction and voltage are plotted from a common 
point, as in figure 1113e, a polar diagram results. From such a diagram, the theoretical 
response of an antenna to radio waves of any angle of incidence can be measured. 
For example, minimum signal exists at 90° and 270°. At angle 45°, the length of OA 
shows signal strength to be a little more than 7 microvolts per meter (mv/m). It is 
characteristic of a loop antenna which is small in relation to wave length that all points 
plot on two circles, forming a figure-of-eight pattern. The same general pattern 
results whether the antenna receives or transmits energy. 

The table above and figure 1113e illustrate three important features of loop antennas: 
(1) a small change of direction near a minimum produces a very much larger change 
in signal strength than an equal change of direction near a maximum, (2) signals are 
minimum in two directions relative to the incident wave (90° and 270°) and maximum 
in two directions (0° and 180°), and (3) the phase of the antenna output reverses on 
opposite sides of the 90°-270° direction. 
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Because of (1) more accurate bearings 
are obtained by noting the direction of 
minimum rather than maximum signal. 
A region of minimum signal is called a 
null, and can usually be detected aurally 
or visually, depending upon the presenta- 
tion, when the plane of the loop is approx- 
imately perpendicular to the direction of 
the radio signal. Because of (2), two nulls 
exist 180° apart in the horizontal plane. 
Thus, a radio direction finder with a simple 
loop is subject to 180° ambiguity. Ordi- 
narily, the bearing of the transmitting sta- 
tion is known with sufficient accuracy to 
resolve the uncertainty, but this is not 
always true, and it is desirable to have a 
method of resolving the ambiguity, or de- 
termining the sense of the incoming signal. 
This is accomplished by means of (3) 
tii te above, by combining the output of a loop 

antenna with that of a single-wire vertical] 
antenna. The directional pattern of a 
vertical wire antenna is a circle centered 
on the antenna, and the phase is the same in all directions. 

Assume that the two signals from the loop and vertical wire antennas are in phase 
opposition (180° out of phasc) and equal in amplitude (strength). The combined 
outputs in a field of 10 mv/m are as follows: 





o° 


cig" Curve 





Figure 1113e.—Polar diagram, figure eight 
pattern. 


Angle of Output of 

anci- Output of open Combined 

dence loop antenna oulput 
0 (+) 10.0 (—) 10.0 0.0 
30 (+) 8&7 (—) 10.0 (—) 13 
60 (+) 5.0 (—) 10.0 (—) 5.0 
90 0. 0 (—) 10.0 (—) 10.0 
120 (—) 5.0 (—) 10.0 (—) 15.0 
150 (—) 87 (—) 10.0 (—) 18.7 
180 (—) 10.0 (—) 10.0 (—) 20.0 
210 (—) 87 (—) 10.0 (—) 18.7 
240 (—) 5.0 (—) 10.0 (—) 15.0 
270 0.0 (—) 10.0 (—) 10.0 
300 (+) 50 (—) 10.0 (—-) 5.90 
330 (+) 87 (—) 10.0 (—) 13 


If the combined output is plotted on a polar diagram as in figure 1113f, a cardioid 
or heart-shaped pattern results. Comparison of figure 1113e and 1113f reveals two 
major differences: (1) only one minimum appears in figure 1113f, and (2) the single 
minimum or null is 90° away from those of the simple loop pattern. That is, the single 
null is now in the direction of the transmitting station, it is 180° away from the maximum, 
and there is no ambiguity. These convenient properties of a combined signal make 
possible an automatic direction finder (ADF) which continuously presents on a dial the 
relative bearing of a radio transmitting station to which it is tuned (art. 1114). 
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Figure 1113g shows the pattern 
resulting from the sense antenna signal 
having only one-half the strength of the 
signal from the loop. Two minimums 
exist, but neither is aligned with the in- 
coming signal. Figure 1113h illustrates 
the effect of increasing the sensing out- 
put to 1.2 times the output of the loop. 
The null is so broad that no sharp mini- 
mum occurs. Broad nulls may be en- 
countered on weak signals from distant 
stations. A similar broadening effect 
resulting from reflections from nearby 
metallic surfaces is called quadrature 
effect. Sometimes a broad null can be 
sharpened by adjustment of the balance 
control provided on some radio direction 
finders. 

Figure 1113f shows the pattern result- 
ing from combining the signals from a 
loop and an open antenna when the two 
signals are 180° out of phase; that is, when 





710s! Curve 


180° 


FicureE 1113f.—Cardioid pattern, sense antenna out- 
put equal, and in phase opposition to loop output. 


& maximum positive from one combines with a maximum negative from the other. If 
the two signals are in phase, the resulting pattern is cardioid with the null rotated 180°. 
For other phase relationships, the pattern becomes bean-shaped with a broad null at 





FiGureE 1113¢g.—Two unequal lobes, sense antenna 


output 0.5 times loop output. 


constant, intermediate positions, a fact 
which when applied to transmitting 
antennas makes possible the placing of a 
null (or a maximum signal) in any de- 
sired direction. 

1114. Radio direction finder.—A 
radio direction finder (RDF) or direction 
finder, formerly improperly called a radio 
compass, is a device for measuring the 
direction of travel of incoming radio sig- 
nals. A manual direction finder (MDF) 
is operated manually, and an automatic 
direction finder (ADF) automatically. 
An ADF is one of the most widely used 
instruments in electronic air navigation. 
Under unfavorable conditions, however, 
it may provide erratic or incorrect infor- 
mation. Hence, its indications should 
be checked by independent means when 
possible. 

A radio direction finder consists 
essentially of a straight wire antenna and 
a loop directional antenna (art. 1113), a 
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multiband radio receiver, and a bearing 
indicator. The receiver is operated by 
remote control from a control box (fig. 
1114a) at the navigator’s or pilot’s sta- 
tion. The desired band of frequencies is 
selected by turning the band switch, and 
the station is tuned in by turning the 
tuning crank. Exact setting is indicated 
by maximum deflection of the tuning 
meter. Audio volume and light intensity 
are adjusted by the appropriate knobs. 

When the control switch is turned to 
the “‘LOOP?”’ position, a shielded loop an- 
tenna is connected to the receiver. The 
loop is rotated electrically by turning 
the “Loop L-R”’ switch until a null is 
heard in the earphones or is indicated by 
& minimum reading of the tuning meter. 
The relative direction of the line of nulls 
(art. 1113) is continuously shown by the 
Figure 1113h.—Limacon pattern with broad null, bearing indicator needle, which is elec- 

sense antenna output 1.2 times loop output. trically coupled to the loop. In this con- 
trol switch position, a 180° ambiguity 
exists. Thus, if the needle indicates a bearing over the right wing, it may be equally 
possible that the direction of the station is over the left wing. This is easily resolved 
unless the station is nearly dead ahead or dead astern. If a constant heading is held 
for a few minutes, a bearing to the right of the plane (relative bearing 0° to 180°) in- 
creases, and a bearing to the left (relative bearing 180° to 360°) decreases, as shown 
in figure 1114b. 

Turning the control switch to the “COMP” position connects a sensing antenna 
to the loop, and couples in a mechanism which automatically rotates the loop until the 
single null (fig. 1113f) 1s in the direction of the station to which the receiver is tuned. 
An automatic volume control (AVC) circuit is also connected; consequently, range 
orientation requiring the detection of an increase or decrease in signal strength should 
not be attempted in the ‘‘COMP’”’ position. 

Course reversal (art. 1116) on an LF range from a loop transmitter sometimes 
occurs (1) when AVC is connected by setting the switch to ““COMP” and the receiver 
is slightly mistuned at the same time that the audio volume control is set for excessive 
volume, or (2) when the signal is received on a large aircraft using an asymmetrical 
antenna. The receiver should be accurately tuned by means of the tuning meter and 
the audio volume at the receiver should be kept low. If the aircraft has an interphone 
system servicing several stations, the dangerous condition is not corrected by reducing 
volume at a remote station while the audio control on the receiver is set for excessive 
volume. Because of (2) it is desirable to use a trailing wire antenna located symmet- 
rically with respect to such large surfaces as wings. 

If the control switch is set to the ‘‘ANT”’ position, a nondirectional antenna is 
connected to the receiver, which then operates as an ordinary radio, without directional 
properties. 
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Ficure 1114a.—Automatic direction finder components. 
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Figure 1114b.—Resolving signal ambiguity. 


1115. Correction of radio bearings for plotting on a Mercator chart.—The 
path of a radio wave between the transmitting and receiving antennas is approximately 
a great circle. When plotted, it is nearly a straight line on a Lambert conformal chart, 
and a curve, convex toward the nearer pole, on a Mercator chart. (See figs. 210a and 
210b.) If the bearing line is to be plotted as a straight line on a Mercator chart, a 
correction, called conversion angle, should be applied, as shown in figure 1115a. The 
curved line represents a great circle between a radio transmitter at A and a radio re- 
receiver at B. The angle between the 
tangent to the great circle at B, and the 
straight line connecting A and B, is the 
conversion angle. If the radio bearing 
were plotted without correction as a 
straight line on a Mercator chart, a gross 
positional error might result, as shown by 
the broken line. At distances at which 
radio bearings are normally received, ex- 
cept in the vicinity of the poles (where a 
Mercator chart would not be _ used), 
conversion angle is related to mid latitude 
- (Lm) and the difference of longitude 
ye io (DLo) between the transmitter and the 
receiver approximately as follows: 








FicureE 1115a.—Correcting radio bearing for 
plotting on Mercator chart. Conversion angle= YDLo sin Lm 


In figure 1115a the Mercator bearing (line of position) is greater than the radio 
bearing. Hence, the conversion angle should be added. If the positions of the trans- 
mitter and receiver are reversed, so that the receiver is at A, the conversion bearing 
would be subtracted, as shown for a receiver at C in figure 1115b. These signs are for 
north latitude. In south latitude they are reversed. A simple sketch such as that 
of figure 1115b, will indicate whether the correction should be added or subtracted. 

Conversion angles are given in table 1115. As indicated by the formula, the cor- 
rection increases with increased difference of longitude, and also with increased latitude. 
At latitudes at which Mercator charts are normally used, and at the short distances at 
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FicureE 1115b.—Direction of application of conversion angle correction. 


which radio bearings are normally employed, the correction can often be ignored. 


Judgment as to the advisability of applying the correction can be developed with 
experience. 


Correction on Lambert conformal, stereographic, or transverse Mercator charts is 
not needed in any latitude under normal conditions. 


TABLE 1115.—Conversion angles 


5° Latitude of Receiver 









0° Latitude of Receiver 





DLo Latitude of Transmitter Latitude of Transmitter DLo 
10° 5? 0° 5° 10° 5° 0° 5° 10° 16° 

° ° ° ° ° ° ° ° ° ° ° co] 

0 0. 0 0.0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0 

5 0. 3 0.3 0. 0 0. 3 0. 3 0. 1 0. 0 0.3 0. 5 0. 5 5 
10 0.5 0. 3 0.0 0.3 0.5 0. 0 0. 1 0. 4 0. 7 0. 9 10 
15 0. 6 0. 3 0. 0 0.3 0. 6 0. 0 0. 3 0. 7 1.0 1.3 15 

0 , - ° ‘ 2 
f O Latitude of Receiver f 5 Latitude of Receiver 


Latitude of Transmitter Latitude of Transmitter DLo 
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FicurE 1114b.—Resolving signal ambiguity. 


1115. Correction of radio bearings for plotting on a Mercator chart.—The 
path of a radio wave between the transmitting and receiving antennas is approximately 
a great circle. When plotted, it is nearly a straight line on a Lambert conformal chart, 
and a curve, convex toward the nearer pole, on a Mercator chart. (See figs. 210a and 
210b.) If the bearing line is to be plotted as a straight line on a Mercator chart, a 
correction, called conversion angle, should be applied, as shown in figure 1115a. The 
curved line represents a great circle between a radio transmitter at A and a radio re- 
receiver at B. The angle between the 
tangent to the great circle at B, and the 
straight line connecting A and B, is the 
conversion angle. If the radio bearing 
were plotted without correction as a 
straight line on a Mercator chart, a gross 
positional error might result, as shown by 
the broken line. At distances at which 
radio bearings are normally received, ex- 
cept in the vicinity of the poles (where a 
Mercator chart would not be used), 
conversion angle is related to mid latitude 
(Lm) and the difference of longitude 
(DLo) between the transmitter and the 
receiver approximately as follows: 
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a 
FicureE 1115a.—Correcting radio bearing for 
plotting on Mercator chart. Conversion angle=%DLo sin Lm 


In figure 1115a the Mercator bearing (line of position) is greater than the radio 
bearing. Hence, the conversion angle should be added. If the positions of the trans- 
mitter and receiver are reversed, so that the receiver is at A, the conversion bearing 
would be subtracted, as shown for a receiver at C in figure 1115b. These signs are for 
north latitude. In south latitude they are reversed. A simple sketch such as that 
of figure 1115b, will indicate whcther the correction should be added or subtracted. 

Conversion angles are given in table 1115. As indicated by the formula, the cor- 
rection increases with increased difference of longitude, and also with increased latitude. 
At latitudes at which Mercator charts are normally used, and at the short distances at 
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Figure 1115b.—Direction of application of conversion angle correction. 


which radio bearings are normally employed, the correction can often be ignored. 
Judgment as to the advisability of applying the correction can be developed with 
experience. 

Correction on Lambert conformal, stereographic, or transverse Mercator charts is 
not needed in any latitude under normal conditions. 


TABLE 1115.—Conversion angles 





0° Latitude of Receiver 5° Latitude of Receiver 
DLo Latitude of Transmitter Latitude of Transmitter DLo 
10° 5° 0° 5° 10° 5° 0° 5° 10° 15° 
° ° ° ° ° ° ° ° ° ° ° ° 
0 0.0 0. 0 0. 0 0.0 0. 0 0. 0 0. 0 0. 0 0.0 0. 0 0 
5 0. 3 0. 3 0. 0 0. 3 0. 3 0.1 0. 0 0. 3 0.5 0.5 5 
10 0.5 0.3 0. 0 0. 3 0. 5 0. 0 0. 1 0. 4 0. 7 0.9 10 
15 0. 6 0. 3 0. 0 0. 3 0. 6 0. 0 0.3 0. 7 1.0 1.3 15 
f 0 Latitude of Receiver f 5° Latitude of Receiver 
DLo Latitude of Transmitter Latitude of Transmitter DLo 
0° 5° 10° 15° 20° 5° 10° 15° 20° 25° 
° () ° ° ° ° ° ° ° ° co) ° 
0 0.0 0. 0 0. 0 0.0 0. 0 0.0 0.0 0. 0 0. 0 0. 0 0 
5 0. 1 0. 2 0. 5 0. 7 0. 7 0. 4 0. 4 0. 7 0.9 0. 9 5 
10 0. 4 0. 6 0. 9 1.2 1. 3 0.8 1.0 1.3 1.6 1.7 10 
15 0. 7 1.0 1.3 1. 6 1.9 1.4 1. 6 2. 0 2.3 2. 5 15 
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FicurE 1114b.—Resolving signal ambiguity. 


1115. Correction of radio bearings for plotting on a Mercator chart.—The 
path of a radio wave between the transmitting and receiving antennas is approximately 
a great circle. When plotted, it is nearly a straight line on a Lambert conformal chart, 
and a curve, convex toward the nearer pole, on a Mercator chart. (See figs. 210a and 
210b.) If the bearing line is to be plotted as a straight line on a Mercator chart, a 
correction, called conversion angle, should be applied, as shown in figure 1115a. The 
curved line represents a great circle between a radio transmitter at A and a radio re- 

receiver at B. The angle between the 
tangent to the great circle at B, and the 
straight line connecting A and B, is the 
conversion angle. If the radio bearing 
were plotted without correction as a 
straight line on a Mercator chart, a gross 
positional error might result, as shown by 
*'A the broken line. At distances at which 
radio bearings are normally received, ex- 
cept in the vicinity of the poles (where a 
Mercator chart would not be used), 
conversion angle is related to mid latitude 
(Lm) and the difference of longitude 
(DLo) between the transmitter and the 
receiver approximately as follows: 
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Ficure 1115a.—Correcting radio bearing for 
plotting on Mercator chart. Conversion angle= ¥DLo sin Lm 


In figure 1115a the Mercator bearing (line of position) is greater than the radio 
bearing. Hence, the conversion angle should be added. If the positions of the trans- 
mitter and receiver are reversed, so that the receiver is at A, the conversion bearing 
would be subtracted, as shown for a receiver at C in figure 1115b. These signs are for 
north latitude. In south latitude they are reversed. A simple sketch such as that 
of figure 1115b, will indicate whether the correction should be added or subtracted. 

Conversion angles are given in table 1115. As indicated by the formula, the cor- 
rection increases with increased difference of longitude, and also with increased latitude. 
At latitudes at which Mercator charts are normally used, and at the short distances at 


f™ 


RADIO 285 


NORTHERN HEMISPHERE 


RECEIVER RECEIVER 





WEST OF EAST OF 
TRANSMITTER. TRANSMITTER 
RADIO 
TRANSMITTER 

terete 3 
TRANSMITTE 
RECEIVER LOP “5 LOP RECEIVER 
WEST OF EAST OF 
TRANSMITTER ‘TRANSMITTER 
, ’ 
B’ A C 


SOUTHERN HEMISPHERE 


Fiaure 1115b.—Direction of application of conversion angle correction. 


which radio bearings are normally employed, the correction can often be ignored. 
Judgment as to the advisability of applying the correction can be developed with 
experience. 

Correction on Lambert conformal, stereographic, or transverse Mercator charts is 
not needed in any latitude under normal conditions. 


TABLE 1115.—Conversion angles 





0° Latitude of Receiver 5° Latitude of Receiver 
DLo Latitude of Transmitter Latitude of Transmitter DLo 
10° 5° 0° 5° 10° 5° 0° 5° 10° 15° 
° ° ° ° ° ° ° ° ° ° ° °o 
0 0.0 0. 0 0. 0 0. 0 0.0 0. 0 0. 0 0.0 | 00 0. 0 0 
5 0. 3 0. 3 0. 0 0. 3 0. 3 0.1 0. 0 0. 3 0.5 0. 5 5 
10 0. 5 0. 3 0. 0 0. 3 0. 5 0. 0 0. 1 0. 4 0. 7 0.9 10 
15 0. 6 0. 3 0. 0 0.3 0. 6 0. 0 0.3 0. 7 1. 0 1.3 15 
f 0 Latitude of Receiver f 5° Latitude of Receiver 
DLo Latitude of Transmitter Latitude of Transmitter DLo 
0° oO” 10° 15° 20° 5° 10° 15° 20° 25° 
° ° ° ° fo] ° °o ° ° ° ° °o 
0 0. 0 0.0 0. 0 0. 0 0. 0 0.0 0. 0 0. 0 0.0 0. 0 0 
5 0. 1 0. 2 0. 5 0. 7 0. 7 0. 4 0. 4 0. 7 0. 9 0.9 5 
10 0. 4 0. 6 0. 9 1. 2 1.3 0. 8 1.0 1. 3 1. 6 1.7 10 
15 0. 7 1.0 1.3 1. 6 1.9 1. 4 1.6 2.0 2.3 2.5 15 
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TaBLe 1115.—Conversion angles—Continued 





60° Latitude of Receiver 65° Latitude of Receiver 
| 
| 
| 









Latitude of Transmitter Latitude of Transmitter DLo 


50° | 55° | 60° | 65° | 70° | 55° | 60° | 65° | 70° | 75° 














3° ° ° ° ° e) () ° ° ° ° ° 
0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0.0 0. 0 0. 0 0 
5 2. 2 2.1 2.2 2.2 2.1 2.3 2.3 2.3 2. 2 2.2 5 

10 4.3 4.3 4.3 4.3 4,2 4.6 4.6 4,5 4.5 4.3 10 

15 6.5 6.5 6.5 6.5 6.3 6.9 6.9 6.8 6.7 6.5 | 15 

20 8. 7 8. 7 8. 7 8. 6 8.5 9. 3 9, 2 9. 1 8. 9 8.6 , 20 

25 10.9 10. 9 10. 9 10. 8 10. 6 11. 6 11.5 11.4 11.1 10.8 25 

30 13.1 113.1 |.13.1 |.12.9 12. 7 14.0 |.13.8 13. 7 13. 4 12.9 ' 30 

35 15.4 15. 4 15. 3 15. 1 14.8 16. 3 16. 2 16. 0 15. 6 15.1 | 35 

40 17.7 17. 6 17. 5 17.3 17.0 | 18. 7 18. 5 18. 3 17.9 17. 2 40 

45 | 19.9 19.9 19.7 19.5 19. 1 | 21.1 20. 9 20. 6 20. 1 19.4 ‘| 45 

| | 
T0° Latitude of Receiver | T 5° Latitude of Receiver 
DLo ; Latitude of Transmitter Latitude of Transmitter DLo 


' 60° | 65° 70° 75° 80° 65° 70° | 75° 80° 85° 








| re | 























3° ° ° ° ° ° fe] 3° ° ° ° ° 
0 0. 0 0. 0 0. 0 0. 0 0. 0 0.0 0. 0 0.0 0. 0 0. 0 0 
5 2. 4 2. 4 2. 4 2.3 2.1 2. 6 2.5 2. 4 2.3 2. 0 5 

10 4.9 4.8 4.7 4.5 4.3 5. 1 5.0 4.8 4.6 4.0 10 

15 | 7.3 7. 2 7.1 6.8 6. 4 7.7 7. 5 7.3 6. 8 6. 1 15 

20 ; 9. 8 9. 6 9. 4 9.1 8. 6 10.3 10.0 9. 7 9. 1 8. 1 20 

2501 12.2 12.0 11.8 11. 4 10. 7 12.9 12. 6 12. 1 11. 4 10. 1 25 

30 | 14.7 14.5 14. 1 13. 6 12. 8 15.5 15.1 14.5 13. 7 12. 1 30 

35, 17.2 16.9 16.5 15. 9 15. 0 | 18. 1 17. 6 16.9 15. 9 14.1 35 

40 | 19.7 19. 4 18. 9 18. 2 17. 1 20. 7 20. 1 19, 4 18. 2 16. 2 40 

45 | 22.2 21.8 21.3 20. 5 19. 3 | 23. 3 22. 7 21.8 20. 5 18. 2 45 

80° Latitude of Receiver 80° Latitude of Receiver 
DLo Latitude of Transmitter Latitude of Transmitter DLo 
{ | 
70° 75° 80° 85° 90° 70° | 75° | 80° | 85° 90° 

(°) | co) ° 0 ° ° ° ° ° ° ° ° 
0 0. 0 0. 0 0. 0 0.0 0. 0 49. 6 47.5 44.6 39. 4 0. 0 
5 | 2.7 2. 6 2. 6 2-2 0.0 52. 4 50 2 47.1 41.6 0. 0 

10 | 54 5.2 4.9 4.4 0.0 55. 2 52.9 49. 6 43. 7 0. 0 
15 8. 1 7. 8 7. 4 6. 6 0.0 58. 1 55. 7 52. 1 45.9 0. 0 

200' 10.9 |105 | 99 | 88 | 00 | 61.0 | 584 | 546 | 481 | O00 

25' 13.6 | 13.1 | 123 | 11.0 00 | 63.8 | 61.1 | 57.1 | 50.2 0.0 

30 16.3 15. 7 14.8 13. 2 0. 0 66. 7 63. 8 59. 6 52. 4 0. 0 

35; 19.0 18. 3 17. 3 15. 4 0. 0 69. 6 66. 6 62. 1 54. 5 0. 0 

40 21.8 20. 9 19.7 17. 5 0. 0 72. 6 69. 3 64. 7 56. 7 0. 0 

45° 24.5 23. 6 22.2 19. 7 0. 0 75.5 72.1 67. 2 58. 8 0.0 

50 27.3 26. 2 24.7 21.9 0. 0 78. 5 74.9 69. 7 60. 9 0. 0 

55 30.0 28. 9 27. 2 24.1 0.0 | 81.4 77.7 72. 2 63. 0 0. 0 

60 | 32. 8 31.5 29. 6 26. 3 0.0 | 84. 4 80. 5 74.8 65. 1 0.0 

65 35.6 34.2 32. 1 28. 5 0.0 87. 4 $3. 2 77.3 67. 2 0.0 
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TaBLeE 1115.—Conversion angles—Continued 
80° Latitude of Receiver 80° Latitude of Receiver 


DLo Latitude of Transmitter Latitude of Transmitter DLo 


Cd ey ee, 


° °o ° ° (>) ° ° ° ° ° ° ° 
70 | 38.3 36. 8 34. 30. 7 0. 0 90. 4 86. 0 79. 8 69. 3 0. 0 160 
75 | 41.1 39. 5 37. 1 32. 9 0. 0 93. 5 88. 9 82. 4 71. 4 0. 0 165 
80 | 43.9 42. 2 39. 6 35. 0 0. 0 96. 5 91.7 84.9 73. 4 0.0 170 
85 | 46. 7 44.8 42.1 37. 2 0. 0 99. 6 94. 6 87.5 75. 5 0. 0 175 
90 | 49.6 47. 5 44.6 39. 4 0.0 {102.6 97. 4 90. 0 77. 5 0. 0 180 
8 5° Latitude of Receiver 8 5° Latitude of Receiver 
DLo Latitude of Transmitter Latitude of Transmitter DLo 
75° 80° 85° 90° 75° 80° 85° 80° 
° ° ° ° fo] te] ° ° ° ° 
0 0. 0 0.0 0. 0 0. 0 53. 1 50. 2 44.9 0. 0 90 
5 2.9 2.8 2. 6 0. 0 56. 1 53. 0 47. 4 0. 0 95 
10 5. 9 5.5 5. 0 0. 0 59. 2 55. 9 49. 9 0.0 100 
15 8.8 8. 3 7.5 0. 0 62. 2 58. 7 52. 4 0. 0 105 
20 11.7 11. 1 10.0 0. 0 65. 2 61.5 54.9 0.0 110 
25 14. 6 13. 8 12. 5 0. 0 68. 3 64. 4 57. 4 0. 0 115 
30 17. 6 16. 6 14.9 0.0 71.4 67. 3 59. 9 0. 0 120 
35 20. 5 19. 4 17. 4 0. 0 74, 4 70. 1 62. 4 0.0 125 
40 23. 4 22. 2 19. 9 0.0 77.5 73. 0 64. 9 0.0 130 
45 26. 4 25. 0 22. 4 0.0 80. 6 75.9 67. 4 0.0 135 
50 29. 3 27. 7 24.9 0.0 83. 7 78. 8 69. 9 0.0 140 
55 32. 3 30. 5 27. 4 0. 0 86. 9 81.8 72. 4 0.0 145 
60 35. 2 33. 3 29. 9 0.0 90. 1 84. 7 74.9 0.0 150 
65 38. 2 36. 1 32. 4 0. 0 93. 2 87. 6 77.5 0.0 155 
70 41.1 38. 9 34. 9 0. 0 96. 4 90. 6 80. 0 0.0 160 
75 44. 1 41.7 37. 4 0. 0 99. 6 93. 6 82. 5 0. 0 165 
80 47, 1 44.5 39. 9 0. 0 102. 8 96. 5 85. 0 0. 0 170 
85 50. 1 47.4 42. 4 0.0 106. 1 99. 5 87.5 0. 0 175 
90 53. 1 50. 2 44.9 0. 0 109. 4 102. 5 90. 0 0. 0 180 





1116. Low frequency radio range.—As explained in article 1113, the polar diagram 
of the directional pattern about a loop antenna is shaped like a figure eight, whether the 
loop receives or transmits radio signals. Hence, if a transmitting loop is constructed 
so that its plane is vertical and oriented in a north-south direction, its radiation pattern 
in a horizontal plane is a north-south figure eight, as shown in figure 1116a. If another 
vertical transmitting loop is erected concentric with the first, but with its plane in 
an east-west direction, its radiation pattern is an east-west figure eight as shown in 
figure 1116b. This is the basic principle of the low frequency radio range, which pro- 
vided the first nationwide system of airway beacons, and of which a number are still 
in operation. The loop providing the north-south figure eight is called the N loop, 
and the other, the A loop. If both of these loops are energized together, the double 
pattern of figure 1116c results. 
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Figure 1116a.—Pattern 
of north-south (N) loop. 





ren 4 
Z 
Figure 1116b.—Pattern of east-west (A) Ficure 1116c.—Combined pattern forms 
loop. 4-course range. 


Equal signals from each loop can be received in four directions from their common 
center. If the carrier signal from each loop is modulated with a different signal, the 
pattern in which a receiver is located can be determined. 

The N loop transmits the letter N in international Morse code (ame) and the A 
loop, the letter A (mm). These signals are interlocked so that the breaks in one occur 
during transmission of the other, as shown in figure 1116d. Near the axis of each 
pattern these signals are heard as individual letters. Where the patterns overlap with 
equal strength, the two signals merge into a single, steady monotone. 


N SSN S93 JS SSV_ Ss 9 
A A eZZ Rk ee Zi WLLL 


MONOTONE 

















Figure 1116d.—Interlock of A-N signals. 


It is important to remember that the polar diagram of a radiation pattern is a 
graph of the relative strength in different directions, and not a plot of the geographical 
limits of the radiation field. Figure 1116c indicates that at point X, northwest of the 
range station, the signals from both antennas are equal, and the monotone is heard. 
At Y, the signal from the N loop is stronger than that from the A loop, and hence the 
sound of the N predominates over the background of A. At Z, the N signal is maximum 
and the A signal is zero, so that no background tone is heard between the dashes and 
the dots. This situation exists in both N quadrants, at the two points Z. Similarly, 
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at the two positions Z’, in an A quadrant, only the A signal is heard. The quadrants 
of a low frequency radio range are designated A or N according to the predominant 
signal. A direction in which a monotone (equal signals) is received is called leg or, 
loosely, course, and a radio range having four legs is commonly called a four-course 
range. 

Generally, the beams are oriented so as to be directed along the airways. Hence, 
in some cases the angle between beams is not 90°, and opposite beams are not always 
180° apart. Rotation of beams is accomplished by means of a goniometer, which 
changes the phase of the input to each antenna. Each N and A sector is commonly 
called a quadrant, regardless of the number of degrees involved. See figure 1116e. 
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FicureE 1116e.—Nonperpendicular range legs. 


All low frequency radio range stations in the United States are arranged so that 
the quadrant containing true north (i. e., a meridian) is an N quadrant. When a 
northerly leg is along a meridian, the adjacent quadrant to the west is designated N. 
In Canada, the selection of the N quadrant does not conform to this rule. On aero- 
nautical charts, quadrants are usually indicated by letters A and N on the respective 
sides of each range leg. A solid line along the edge of a range leg symbol also indicates 
the side in the N quadrant (see ch. III). 
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Portions of a quadrant are arbitrarily designated according to the type of signal 
received, as shown in figure 1116f. It is assumed that a human ear can detect no 
change in signal intensity within 1°5 on each side of the theoretical equisignal line. 
Hence, range legs or beams 3° wide (1) are assumed to radiate from the station. The 
3° legs shown on aeronautical charts are 
the areas in which a monotone or on-course 
signal is received. A 1°5 sector on each 
side of a beam is called the twilight zone (2), 
identified by the predominant on-course 
monotone with one of the off-course signals 
(Aor N) barely distinguishable in the back- 
ground. Clicks from the keying device at 
the station are sometimes heard in this zone. 
In a sector constituting approximately one 
third of the remaining part of the quadrant 
(28° for a 90° quadrant), the quadrant sig- 
nal (A or N) predominates, but the signal 
of the adjacent quadrant can be heard with 
decreasing loudness as the angular dis- 
tance from the beam increases. This area 
is called the bi-signal zone (3). The central 
third (4) is called the clear zone (or “clear 
signal zone’’), in which only the quadrant Ficure 1116f.—Quadrant nomenclature. 
signal (A or N) is heard. Under some 
conditions a course reversal occurs during which an A-signal is heard in an WN sector, 
or the reverse. This may be due to improper adjustment of a receiver using AVC 
or to the use of an asymmetrical antenna on large aircraft, as explained in article 1114. 

Above the station is a horn-shaped area called a cone of silence, in which, it is 
assumed, no signals will be heard. The apparent diameter of this cone, shown in figure 
1116g, depends upon altitude and speed of the aircraft, type of antenna, and volume 
control setting. For an aircraft inbound on a range leg, the range signals gradually 
increase in volume. Near the cone of silence a rapid increase (or build) in signal 
strength occurs, followed by a rapid decrease (or fade) as the cone is entered. As the 
aircraft emerges from the cone, the signal surges back strongly, and then rapidly fades 
as the cone is left behind, until the normal en route volume is resumed. This is shown 
graphically at the bottom of figure 1116g. If a loop receiving antenna is used in the 
aircraft, the signal intensity curve may be distorted over a loop transmitter so that no 
cone of silence is experienced. This is caused by a nonvertical polarization of the 
transmitted field. The cone of silence is best detected by using a straight wire receiv- 
ing antenna, and reducing receiver volume to minimum. 

Range stations at important points along the airways are provided with a station 
location Z marker, which radiates a narrow, high frequency (75 me) signal vertically 
upward through the cone of silence (fig. 1116g). Receipt of the marker beacon signal 
is indicated in an aircraft automatically by a flashing light, or aurally by means of a 
special marker beacon receiver. 

The discussion thus far has been confined to loop antennas, to emphasize the simi- 
larity of the directional patterns between the ordinary airborne RDF equipment and 
the ground four-course range installation, having loop transmitting antennas. How- 
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SIGNAL INTENSITY LEVEL ALONG RANGE COURSE ™ 


-~- — _ ic 2. _ 


FicurE 1116g.—Cone of silence. 


ever, as stated in article 1113, the same type of directional pattern results from a trans- 
mitting or receiving antenna which consists of two vertical wires. This is the Adcock 
system. ‘The two wires can be considered to be the vertical portions of a loop from 
which the top portion has been removed. With proper design to remove the unwanted 
radiation from the horizontal portion of the system, the Adcock antenna reduces some 
of the undesirable polarization effects of the loop antenna. 

Most of the range stations in the United States employ a modified Adcock system 
consisting of 5 towers, 1 at each corner of a square and 1 at its center. The central 
tower (not shown in fig. 1116g) normally transmits an unmodulated wave at the 
station frequency. The towers in opposite corners transmit A’s or N’s respectively 
by unmodulated waves at a frequency 1.02 ke above that of the central tower. The 
signals combine in space (space modulation) to produce the characteristic range signal. 
Modulation of the signal from the central tower permits transmission of voice com- 
munication such as weather broadcasts, traffic information, etc., simultaneously with 
normal range signals, 

The type of range and the various services provided by a station are indicated in 
the Radio Facility Charts by letter symbol. The symbols, applicable to low fre- 
quency ranges and other installations, are listed with their meaning in table 1116. 
As indicated in this table, an SBRA facility (DCA Washington) is a high-power, low- 
frequency radio range (RA), that voice transmissions are possible without interrupting 
the range signals (S), and that it broadcasts scheduled weather reports (B). There is 
no station location marker. An MRLWZ facility (ILG, New Castle, Delaware) is a 
medium-power, loop range station (MRL), without voice communication facilities 
(W), but having a station marker (Z marker) (Z). With any range designation con- 
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taining the L symbol, a navigator should be alert to the possibility of experiencing 
pronounced polarization error, range leg instability, and distortion of the cone of silence. 

The frequencies allocated to low frequency ranges are between 200 ke and 415 ke, 
while the frequency of the modulating tone is uniformly 1020 cycles. Most range sta- 
tions operate continuously, with a uniform operating sequence. Twelve JN signals 
(and twelve A signals) are transmitted every 30 seconds, followed by a 3- to 4-second 
pause for the 3-letter station identification in code. The sequence is repeated after a 
2-second pause. Since voice transmissions are superimposed on the tone, some types 
of airborne equipment improve voice reception by providing a filter to attenuate the 
1020-cycle tone during voice announcements. 


TABLE 1116.—Radio Facilities 


Symbol Meaning 

| SSE i ere en ERE Scheduled weather broadcast. station. 

GO Aes Son eee eset e Ground control approach system. 

|; Eee ee One ne ER ee Nondircctional radio beacon (homing), power 50 watts to less 
than 2000 watts. 

Pe tieee oa eee Nondirectional radio beacon (homing), power 2000 watts or 
more. 

| It GRE ee nee Instrument landing system. 

es ee ee eeeneeeye Compass locator. 

DN MeeSieets eeteecks Compass locator station when combined with middle marker 
of ILS. 

LOM es <auccheieecee Compass locator when installed at outer marker site or within 
5.5 miles of middle marker. 

DVOR score sees ss Low powered VOR. 

1 2s eee na Nondirectional radio beacon (homing), power less than 50 
watts. 

1G 0 Eee enews Range (loop radiators), power less than 50 watts. 

NMMiceenoondescebeae Middle marker of ILS. 

NERA cit eee Range (Adcock, vertical radiators) power 50 to 150 watts. 

1 0 5) Beene eee Soe tereee mma Range (loop radiators) power 50 to 150 watts. 

ONT yoigt te ett ae Outer marker of ILS. 

TW Aisin ote Sek iets be. Range (Adcock, vertical radiators) power 150 watts or greater. 

occ ate ich ays Range (loop radiators) power 150 watts or greater. 

> Ee ee eR eee a Tee ree Simultaneous transmission of range signals and voice. 

OVO Resewedueucede Terminal VOR. 

WO pele ee Ultra high frequency. 

Wan oe See a Visual-aural VHF range. 

WV Reese tee Sees Very high frequency. 

VOR 2 wcecestcene See VHF Omnidirectional range. 

|: Sa ener es (on ate eee Without voice facilities on range or radio beacon frequency. 

) ONE OT ETE VHF station location marker. 


1117. Omnirange.—The four-course range provides guidance in only four direc- 
tions. In contrast, the omnidirectional range or omnirange (VOR) provides an un- 
limited number of guidance directions, each one called a radial. If suitable airborne 
instrumentation is available, the radial (direction) on which the aircraft is located can 
be identified. If, in addition, the aircraft is equipped with distance measuring equip- 
ment (DME), position relative to the station can be determined. 
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By integrating the directional information of VOR and the distance measurements 
of DME, it is possible to provide an airborne heading reference which will lead the air- 
craft along a track to bypass the VOR station. The track can be selected to parallel 
any radial and to be offset from it by a chosen number of miles. By this means, con- 
gestion in the immediate vicinity of the range station can be reduced. Development 
of an instrument for this purpose, called a course line computer, is nearing completion. 
With this instrument, direction and distance from a way point selected with reference 
to a VOR station is given as if that point were the station. 

The antenna array of an omnirange station consists of five vertical elements 
arranged in the form of a square with one element at the center, similar to the array 
for a low frequency Adcock range. However, since VOR operates in the VHF band, 
the antennas are quite short and close together, so that all can be contained within an 
elevated, cylindrical shelter. Each opposite antenna pair is fed in the same manner 
and produces the same two figure eight patterns spaced 90° apart as with the LF four- 
course range (fig. 1116c). However, the two figure eizht patterns of omnirange are 
90° out of phase; that is, while the axis of each pattern is stationary in space, the 
north-south pattern arrives at maximum signal strength at the same instant that the 
east-west pattern is zero. This condition is shown at A in figure 1117a. As the cycle 
progresses, the N-S pattern weakens and the E-W pattern strengthens and as shown 
at B, the axis of the combined field has rotated in a clockwise direction. At C, the 
strength of the E-W pattern equals that of the N—-S pattern, and the axis of the com- 
bined field has rotated still further. This process continues as the E-W pattern grows 





Figure 1117a.—A rotating field resulting from two figure eight patterns 90° out of phase. 
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stronger (D) until as shown at E the E-W pattern is maximum and the N-S pattern 
is zero. The axis of the combined field is now east and west. This process continues 
throughout the cycle with the result that the combined field, a figure eight pattern, 
rotates continuously at 30 revolutions per second. 

However, as with the ADF, two maxima and minima are undesirable, and the 
shape of the combined field is transformed into a limagon (a bean-shaped figure) by 
superunposing a third and nondirectional field as explained in article 1113. The 
strength of the rotating resultant field varies with time, as shown in figure 1117b, and 
is called the variable voltage. For the instant shown in figure 1117b, the maximum 
is east of the station. 

A receiver at any fixed position within 
range would detect the variable voltage REFERENCE 
only, as a radio frequency voltage fluctu- VOLTAGE 
ating above and below a mean value at the 
rate of 30 cycles persecond. There would 
be no indication of direction different from 
that of other radio waves. However, the 
nondirectional field is modulated by a sec- 
ond 30-cycle signal so timed that the two 
signals are in phase at the instant that the 
rotating, variable voltage passes magnetic Fiaure 1117b.—Variable voltage resulting from 
north. This second signal is called the addition of nondirectional field. 
reference voltage. 

A comparison of the relative phases of the reference and rotating variable voltage 
provides the desired directional information, since the difference in phase is constant 
for any direction from the station (fig. 1117c). Thus, if north of the station, both 








Figure 1117c.—Phase relation between 30-cycle signal and variable voltage changes with direction 
from station. 
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By integrating the directional information of VOR and the distance measurements 
of DME, it is possible to provide an airborne heading reference which will lead the air- 
craft along a track to bypass the VOR station. The track can be selected to parallel 
any radial and to be offset from it by a chosen number of miles. By this means, con- 
gestion in the immediate vicinity of the range station can be reduced. Development 
of an instrument for this purpose, called a course line computer, is nearing completion. 
With this instrument, direction and distance from a way point selected with reference 
to a VOR station is given as if that point were the station. 

The antenna array of an omnirange station consists of five vertical elements 
arranged in the form of a square with one element at the center, similar to the array 
for a low frequency Adcock range. However, since VOR operates in the VHF band, 
the antennas are quite short and close together, so that all can be contained within an 
elevated, cylindrical shelter. Each opposite antenna pair is fed in the same manner 
and produces the same two figure eight patterns spaced 90° apart as with the LF four- 
course range (fig. 1116c). However, the two figure eight patterns of omnirange are 
90° out of phase; that is, while the axis of each pattern is stationary in space, the 
north-south pattern arrives at maximum signal strength at the same instant that the 
east-west pattern is zero. This condition is shown at A in figure 1117a. As the cycle 
progresses, the N-S pattern weakens and the E-W pattern strengthens and as shown 
at B, the axis of the combined field has rotated in a clockwise direction. At C, the 
strength of the E—-W pattern equals that of the N-S pattern, and the axis of the com- 
bined field has rotated still further. This process continues as the E—W pattern grows 





Ficure 1117a.—A rotating field resulting from two figure eight patterns 90° out of phase. 
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stronger (D) until as shown at FE the E—-W pattern is maximum and the N-S pattern 
is zero. The axis of the combined field is now east and west. This process continues 
throughout the cycle with the result that the combined field, a figure eight pattern, 
rotates continuously at 30 revolutions per second. 

However, as with the ADF, two maxima and minima are undesirable, and the 
shape of the combined field is transformed into a limacgon (a bean-shaped figure) by 
superimposing a third and nondirectional field as explained in article 1113. The 
strength of the rotating resultant field varies with time, as shown in figure 1117b, and 
is called the variable voltage. For the instant shown in figure 1117b, the maximum 
is east of the station. 

A receiver at any fixed position within 
range would detect the variable voltage REFERENCE 
only, as a radio frequency voltage fluctu- VOLTAGE 
ating above and below a mean value at the 
rate of 30 cycles persecond. ‘There would 
be no indication of direction different from 
that of other radio waves. However, the 
nondirectional field is modulated by a sec- 
ond 30-cycle signal so timed that the two 
signals are in phase at the instant that the 
rotating, variable voltage passes magnetic Ficure 1117b.—Variable voltage resulting from 
north. This second signal is called the addition of nondirectional field. 
reference voltage. 

A comparison of the relative phases of the reference and rotating variable voltage 
provides the desired directional information, since the difference in phase is constant 
for any direction from the station (fig. 1117c). Thus, if north of the station, both 









Ficure 1117c.—Phase relation between 30-cycle signal and variable voltage changes with direction 
from station. 
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signals are received in phase. As the variable voltage rotates past east of the station, 
its peak is one-quarter of a cycle earlier than the corresponding peak of the reference 
voltage. South of the station, the peak variable voltage leads 180° (4 cycle) before the 
other. West of the station the lead is 270° (% cycle). 

If, at the receiver, the phase of the reference voltage were shifted until it coincided 
with that of the variable voltage, the amount of the shift, and hence the direction of 
the receiver from the transmitter, might be determined, and this direction indicated 
on a dial. However, it is difficult to detect exact phase coincidence, but relatively 
easy to detect a difference of 90°. The equipment at the receiver is constructed ac- 
cordingly, a zero reading indicating a 90° phase angle. That component which indi- 
cates whether the 2 signals are 90° out of phase is called a course deviation indicator. 
That component which shifts the phase of the reference voltage is called an omnibearing 
selector or radial selector. Usually these two components are combined in a single 
cabinet, as shown in figure 1117d. If the radial selector knob is turned until the course 
indicator needle is centered, the course marker dial indicates the radial on which the 
receiver is located. If the radial selector is set to a desired course, and the aircraft is 
maneuvered to keep the course indicator needle centered, the aircraft will follow the 
radial. 
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Courtesy of Bendix Radio 


Figure 1117d.—Omnirange course deviation indicator. (1) To-From indicator, (2) Flag alarms, 
(3) Course marker, (4) Marker beacon indicator, (5) Horizontal pointer, (6) Relative heading 
pointer, (7) Vertical pointer, (8) Radial selector SET knob. 
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The use of the 90° phase difference relationship introduces a 180° ambiguity, as the 
course deviation indicator is equally sensitive to signals coming from either of 2 opposite 
directions. An additional circuit resolves this ambiguity and provides means for 
indicating whether the heading is to or from the station. 

In figure 1117e several radials are shown around a VOR station. If the navigator 
of an aircraft at A selects 090° as the radial, the instrument indicates ‘TO’. If he 
selects 270°, ‘““FROM” is indicated. In the former case, the instrument tells him that 
his course to the station is 090°, in the latter case, that he is 270° from the station. If the 
navigator at A selects 090° and flies toward the station, the course deviation indicator 









A 





FicurE 1117e.—Omnirange receiver indications. 


remains centered as long as he stays on that radial. If he drifts off, this is indicated by 
the indicator needle. As he crosses the station, the TO-FROM indicator changes to 
“FROM?’’, and he knows that at B he is 090° from the station. If the navigator 
wishes to home on the station along the 135° radial (heading 315°), he sets the selector 
to 315°. If he does this at C, the needle of the course deviation indicator swings to the 
right, indicating he should make aright turn. At D the needle is centered, indicating the 
course to the station is 315°, even though the aircraft is headed south. Normally, the 
right turn to course 315° is started sufficiently before arrival at the 135° radial so that 
the aircraft levels out on course at the same instant that it reaches the desired radial. 
At £ the aircraft is on the selected radial. 
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signals are received in phase. As the variable voltage rotates past east of the station, 
its peak is one-quarter of a cycle earlier than the corresponding peak of the reference 
voltage. South of the station, the peak variable voltage leads 180° (% cycle) before the 
other. West of the station the lead is 270° (% cycle). 

If, at the receiver, the phase of the reference voltage were shifted until it coincided 
with that of the variable voltage, the amount of the shift, and hence the direction of 
the receiver from the transmitter, might be determined, and this direction indicated 
on a dial. However, it is difficult to detect exact phase coincidence, but relatively 
easy to detect a difference of 90°. The equipment at the receiver is constructed ac- 
cordingly, a zero reading indicating a 90° phase angle. That component which indi- 
cates whether the 2 signals are 90° out of phase is called a course deviation indicator. 
That component which shifts the phase of the reference voltage is called an omnibearing 
selector or radial selector. Usually these two components are combined in a single 
cabinet, as shown in figure 1117d. If the radial selector knob is turned until the course 
indicator needle is centered, the course marker dial indicates the radial on which the 
receiver is located. If the radial selector is set to a desired course, and the aircraft is 
maneuvered to keep the course indicator needle centered, the aircraft will follow the 
radial. 


“COURSE 





Courtesy of Bendix Radio 


Figure 1117d.—Omnirange course deviation indicator. (1) To-From indicator, (2) Flag alarms, 
(3) Course marker, (4) Marker beacon indicator, (5) Horizontal pointer, (6) Relative heading 
pointer, (7) Vertical pointer, (8) Radial selector SET knob. 
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The use of the 90° phase difference relationship introduces a 180° ambiguity, as the 
course deviation indicator is equally sensitive to signals coming from either of 2 opposite 
directions. An additional circuit resolves this ambiguity and provides means for 
indicating whether the heading is to or from the station. 

In figure 1117e several radials are shown around a VOR station. If the navigator 
of an aircraft at A selects 090° as the radial, the instrument indicates ‘‘TO’”’. If he 
selects 270°, ““FROM”’ is indicated. In the former case, the instrument tells him that 
his course to the station is 090°, in the latter case, that he is 270° from the station. If the 
navigator at A selects 090° and flies toward the station, the course deviation indicator 





FicurE 1117e.—Omnirange receiver indications. 


remains centered as long as he stays on that radial. If he drifts off, this is indicated by 
the indicator needle. As he crosses the station, the TO-FROM indicator changes to 
“FROM”, and he knows that at B he is 090° from the station. If the navigator 
wishes to home on the station along the 135° radial (heading 315°), he sets the selector 
to 315°. If he does this at C, the needle of the course deviation indicator swings to the 
right, indicating he should make a right turn. At D the needle is centered, indicating the 
course to the station is 315°, even though the aircraft is headed south. Normally, the 
right turn to course 315° is started sufficiently before arrival at the 135° radial so that 
the aircraft levels out on course at the same instant that it reaches the desired radial. 
At E the aircraft is on the selected radial. 
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A pilot can check the operation of his VOR equipment by noting the reading of 
bis course deviation indicator while on the ground on a known radial. Locations have 
been established at various United States airports at which known readings should be 
obtained. Information as to these locations and the VOR check signals is contained in 
Airman’s Guide. 

Note that omnirange equipment does not of itself provide a heading reference, but only 
the direction of the aircraft’s position with respect to the station. On some types of 
equipment, as in figure 1117d, a heading reference taken from the compass system is 
combined with the basic omnirange course indicator. 

1118. Radiobeacons.—A radiobeacon is a radio transmitter emitting a character- 
istic signal to permit a craft with suitable equipment to determine its direction or 
distance or both. Radiobeacons intended primarily for aeronautical use are named 
according to their specialized functions. Thus, a compass locator station is a radio- 
beacon, usually of low power, associated with an instrument landing system (ILS). 
A homing beacon or homer is a radiobeacon associated with an airport. Both of these 
emit continuous nondirectional carriers in the low-frequency band, modulated inter- 
mittently by the station identification letters. The name “compass locator’’ arose 
from the fact that the carrier wave from these stations is continuous, causing the needle 
of an automatic direction finder (formerly called a radio compass) to give a continuous 
indication in the direction of the station’s location and thus guide the aircraft into the 
ILS system. 

Some radiobeacons are designed to provide local positional information, usually 
by means of narrow vertical beams of various shapes. These are called marker beacons. 
Most of those in the United States operate at a carrier frequency of 75 mc, modulated 
intermittently by the station identification or a characteristic signal at 3,000 cycles. 
A fan marker transmits a vertical beam whose cross section is either lens shaped or 
bone shaped (See fig. 309c). A Z-marker provides a vertical beam of circular cross 
section, and is usually located at a low-frequency radio range station, the beam extend- 
ing upward through the cone of silence (art. 1116). It is sometimes called a station 
marker. Marker beacons are also located along the landing path of an ILS system 
to keep the pilot informed of his distance from the threshold end of the runway. In 
this usage the beacons are called outer marker, middle marker, and inner or boundary 
‘marker. Inner markers are now rarely used. The beams of marker beacons provide 
accurate fixes under IFR conditions. 

The characteristics of particular radiobeacons are given in Radio Facility Charts. 
Like the low frequency radio ranges described in article 1116, radiobeacons are given 
letter symbols which indicate their type, function, and kind of service rendered, as 
shown in table 1116. Radar beacons are discussed in article 1212. 

1119. Tacan, a name derived from the words tactical air navigation, is a short 
range UHF electronic air navigation system with which a pilot can instantaneously and 
continuously receive bearing, identification, and distance information from a fixed 
ground station or shipboard transmitter. All information is received on the same fre- 
quency. When the aircraft set is turned to receive it continually searches until it locks 
on astation. In this setting with the aircraft electronically silent, only bearing and an 
identifier are received. By switching to transmit/receive, a series of airborne interroga~ 
tions are sent out which trigger a transponder in the surface facility. Replies from the 
ground station are screened by the aircraft tacan equipment which sorts out the correct 
signals. 
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The average tacan bearing error is about % of 1°. This is the complete system 
error, including instrumental and propagational errors. The distance system accuracy 
is about +600 feet + 2% of the distance measured. 

This system incorporates 126 two-way operating channels of 1 megacycle spacing 
within the band 1025 and 1150 megacycles for air-to-ground transmission and a like 
number of channels for ground-to-air in the bands 962 to 1024 megacycles and 1151 to 
1213 megacycles. 

The distance from the ground beacon is visually displayed in the aircraft on a 
meter calibrated in nautical miles. Another meter indicates direction in degrees with 
respect to magnetic north. With this information, the pilot can fix his position at all 
times. 

A single tacan beacon can provide distance information simultaneously to as many 
as 100 aircraft flying within range of their DME, distance measuring equipment; 195 
miles for older equipment and 300 miles for newer. Bearing information is available to 
an unlimited number of aircraft within approximately line-of-sight range. 

The operating principles of tacan distance measurement are based on the time 
required for a radio pulse signal to travel to a given point and return. The airborne 
transmitter repeatedly sends out interrogation pulses that are picked up by the ground 
beacon receiver, which in turn triggers the associated transmitter to send out reply 
pulses on a different frequency. The reply pulses are picked up by the airborne re- 
celver where timing circuits automatically measure the interval between the inter- 
rogation and the reply pulses and convert the time interval into electrical signals that 
Operate the distance indicator. 

The bearing service is supplied by the ground antenna system modulating the 
train of pulses generated by the ground transmitter. The antenna consists of a vertically 
polarized stationary array around which two sets of parasitic elements contained in 
cylinders rotate in a clockwise direction. The inner cylinder contains one parasitic 
element and modulates the pulse amplitude of the receiver at 15 cycles per second. 
The other cylinder contains nine elements and superimposes a 135-c.p.s. modulation of 
the fundamental 15-c.p.s. modulated signal. Accordingly, as a result of the rotation 
of this pattern, the signal received at any given direction from the beacon goes through 
corresponding cyclic variations in field strength as a function of time. When demodu- 
lated, the cyclic variations produce components of 15-c.p.s. and 135-c.p.s. in fixed 
phase relation to each other in the airborne equipment. The bearing information is 
derived from the electrical phase of these audio signals with respect to reference pulses. 

In the tacan system, special provisions are made to keep the beacon azimuth 
information stabilized to magnetic north rather than true or geographic north as in 
most electronic navigation systems. Because aircraft compasses give magnetic bearings, 
the tacan system was designed to indicate magnetic headings so that a pilot need not 
convert from true to magnetic bearing while flying the aircraft. 

To provide a continuous navigation service throughout a larger area, such as the 
continental United States, the system contains 126 selectable channels. As in television 
channel assignments, no two stations within interference distance of each other are on 
the same channel. Thus, by proper allocation of the channels among the ground or 
ship stations, clear channel operation is provided. If an aircraft should receive signals 
from two stations on the same frequency, its receiver will accept only the stronger of 
the two signals. This precludes the possibility of bearing and distance errors due to the 
proximity of the weaker station. The pilot can switch channels, as easily as switching a 
television set, to select any beacon within maximum range that best suits his flight path. 
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To aid the pilot in his identification of a particular beacon, each transmitter 
automatically transmits a different three-letter tone signal in International Morse 
Code about every 37.5 seconds. The aircraft receiver converts the signal to an audible 
tone that may be heard in the pilot’s headset. 

The AN/ARN-52 (V) airborne interrogator is designed to operate in conjunction 
with surface tacan beacons and also with other airborne tacan sets. It has an increased 
range of 300 miles. When operating in the air-to-air mode with a cooperating air- 
craft in the same mode and within line-of-sight distance of 300 miles, a bilateral link is 
established with both aircraft displaying the distance between them. Other aircraft 
in the area operating tacan in normal mode are undisturbed. 

1120. Vortac is a name derived from combining the terms VOR (Very high frequency 
Omnidirectional Radio Range) and Tacan. It is a system consisting of a VOR station 
and tacan station operating simultaneously with the antennas of both being located at 
a common geographical point. Aircraft equipped with VOR and newer type DME, 
distance measuring equipment, receive bearing from the VOR station and distance 
from the tacan station. Aircraft equipped with tacan only are able to receive bearing 
and distance from the tacan portion of this system. 


CHAPTER XII 
RADAR 


1201. Introduction.—The term ‘“radar,’? derived from radio detection and 
ranging, is applied to an electronic-pulse range and bearing system. The basis of 
the system has been known theoretically since the time of Hertz, who in 1888 success- 
fully demonstrated the transfer of electro-magnetic energy in space and showed that 
such energy is capable of reflection. The transmission of electromagnetic energy be- 
tween two points was developed as “‘radio”’ but it was not until 1922 that practical use 
of the reflection properties of such energy was conceived. The idea of measuring the 
elapsed time between the transmission of a radio signal, and receipt of its reflected 
echo from a surface originated nearly simultaneously in the United States, England, 
and other countries. In the United States, two scientists, Dr. A. Hoyt Taylor and 
Leo C. Young, at the Naval Aircraft Radio Laboratory, Anacostia, D. C., noticed that 
ships moving in nearby Potomac River distorted the pattern of air-ground signals with 
which they were working. In 1925 they were able to measure the time required for a 
short burst or pulse of radio energy to travel to the ionosphere and return. Following 
this success, it was realized that the radar principle could be applied to the detection 
of other objects, including ships and aircraft. 

By the beginning of World War II the Army and Navy had developed equipment 
appropriate to their respective fields. During and following the war the rapid advance 
in theory and technological skill brought improvements and additional applications to 
the early models. By suitable instrumentation, it is now possible to measure accurately 
the distance and, somewhat less accurately, the direction of a reflecting surface in space, 
whether it be an aircraft, a ship, a hurricane, or a prominent feature of the terrain, even 
under conditions of darkness or restricted visibility. For these reasons, radar is a 
valuable navigational tool, notwithstanding some limitations. If a navigator under- 
stands its basic principles, he can successfully cope with the limitations. 

1202. The principles of radar can be likened to those relating sound to its echo. 
Thus, a ship in Puget Sound sometimes determines its distance from a cliff at the water’s 
edge by blowing its whistle and timing the interval until the echo is received. Since 
sound travels at a known speed in air (1,129 feet per second at 20° C), the distance 
traveled equals the speed times the time interval, and one-half of this distance (over 
and back) is the distance to the cliff. Thus, if the time interval is 8 seconds, the dis- 
tance to the cliff is 1129x8+2=4516 feet=0.74 mile. 

The same principles apply to radar, which uses the reflected echo of electromag- 
netic radiation traveling at approximately the speed of light, 983.5 feet per micro- 
second (art. 1105). If the interval between the transmission of the signal and return 
of the echo is 200 microseconds, the distance to the target is 983.5 x 200+-2= 98,350 
feet= 16.2 miles. 

Figure 1202a shows a block diagram of a simplified radar unit. A series of power- 
ful pulses of radio energy generated in the transmitter is emitted from the antenna. 
Sufficient time is allowed between pulses so that the echo of each pulse can be received 
from a target at maximum range before the next pulse is formed. The timing of the 
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FiaurE 1202a.—Schematic diagram of radar unit. 


pulses is controlled by a special circuit called a timer, keyer, or synchronizer, which in 
some types also registers the start of a pulse on the indicator. As soon as a pulse leaves 
the antenna, the antenna is automatically disconnected from the transmitter, and con- 
nected to the receiver. If an echo is returned, it is amplified by the receiver and then 
applied to the indicator. The indicator, calibrated in miles, measures the time interval 
between the transmission of the pulse and the return of its echo. If the indicator is a 
plan position indicator (PPI), both the distance and the direction to the target are 
presented. See article 1210. 

Since electronic timers can measure time intervals to an accuracy of 0.1 micro- 
second, or better, one-way distance can be determined to a greater accuracy than 50 
feet. The measurement of direction, however, is less precise because this is determined 
by measuring the bearing on which the directional antenna is pointed, and the electro- 
magnetic energy is concentrated in a beam much like the beam of a searchlight, which 
can be trained over a measurable angle and still illuminate a target. 

The beam width of a radar beam is equal to the angle at the center of a polar dia- 
gram of the field between the half-power points; the points on both sides of the beam 
axis at which the power is half of maximum power. In figure 1202b the outer curve is 
the relative field strength of a radar transmitter, in 
which the length of the radius vector in the direction 
of maximum strength is taken as unity. This is 
similar to the diagram of figure 1110e. The relative 
power plot is obtained by plotting on each radius 
vector the square of the relative field strength. 
Thus, in figure 1202b if the relative field strength is 
0.5, the relative power is 0.25. Since beam width is 
considered the angle between the radius vectors rep- 
resenting power at one-half of maximum, or 0.5, it 
may also be expressed as 1/,/2=0.707 times the maxi- 
mum field strength. For this reason, the beam width 
as customarily defined is considerably less than 
would appear by visual estimation of the % points ona 
relative field strength diagram. In marine radar equip- 
ment, beam width may be 1° or less. In airborne general purpose equipment, beam 
width may be about 5° or less. In ground installations beam width may have any 
value from a fraction of a degree to many degrees. 





Figure 1202b.—A relative power plot. 
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1203. Radar pulses.—The radar signal originates in a transmitter which gen- 
erates a series of short, powerful bursts of radio energy, each of which is called a pulse. 
Each pulse is like any other radio wave in that it consists of alternating electric and 
magnetic fields traveling at approximately the speed of light. Radar frequencies are 
sometimes divided somewhat arbitrarily into bands of frequencies as given in table 
1203. Aradar operating at a frequency of 3,000 mc may be designated either as S-band 


TABLE 1203.— Radar 


Approzimate 

Band Frequency limits (mc) wave length 
P 225-390 100 cm 
L 390-1,550 30 cm 
S 1,550—5,200 10 cm 
xX 5,200—-11,000 3 cm 
K 11,000—36,000 1 cm 
Q 36,000—46,000 — 
V 46,000-56 ,000 an 


(A C-band extending from 3,500 mc to 5,850 mc is sometimes mentioned.) 


or 10 cm-band. Most radars operate in the SHF band (table 1105). Wave length in 
centimeters (A cm) is equal to speed of propagation in centimeters per microsecond 
(cem/ms) divided by frequency in megacycles per second (fmc): 
_ 29,979 cm/ms 

fme 


A4-cm 


Pulses generated in the transmitter are fed to an antenna, which for most airborne 
applications is shaped like a spherical dish and which focuses the electromagnetic 
energy into a narrow cone, or pencil-like beam. Many airborne radar antennas are 
mounted so that they can be rotated, by power drives, around vertical and horizontal 
axes. The radar beam sweeps over a cone-shaped area beneath the aircraft, the flatness 
of the cone depending upon the angle (tilt) between the beam and the horizontal. 
The operation of sweeping over an area, called scanning, is usually continuous through 
360°, although the scan can be stopped at will to illuminate or searchlight a desired 
direction or object. In some installations the scan is confined to a limited sector. 

When a radar pulse strikes a reflecting surface or target, part of the energy is 
absorbed and part is scattered (re-radiated). A portion of the scattered energy returns 
to the transmitting antenna, and there constitutes the radar echo. Radar cross section 
is the ratio of power returned in the echo to power received by a target. 

In addition to its radio frequency, a radar pulse is characterized by its shape, ampli- 
tude, and duration. Pulse amplitude is a general term indicating the magnitude of the 
pulse. Pulse duration (width) is the time interval during which the amplitude equals 
or exceeds a stated fraction of the maximum amplitude. For a rectangular pulse (fig. 
1203) it is the time interval between the beginning and ending of a single pulse. A 
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Figure 1203.—Pulse nomenclature. 
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regular series of pulses is called a pulse train. For a train of rectangular pulses, pulse 
separation is the time interval between the trailing edge of one pulse and the leading 
edge of the succeeding pulse, and pulse spacing is the time interval between correspond- 
ing parts of successive pulses, as the beginning of one pulse to the beginning of the next. 
Pulse repetition rate (PRR), the average number of pulses per second, is the reciprocal 
of pulse spacing. 

Pulse separation is inversely proportional to both the repetition rate and the dura- 
tion. If either is increased, the separation is decreased. Pulse repetition rate should 
not be confused with radio frequency. PRR is the number of pulses per second; fre- 
quency is the rate at which the voltage of each pulse oscillates. Since 1 megacycle is 
1,000,000 cycles per second, and 1 microsecond is one-millionth of a second, frequency in — 
megacycles is equal to cycles per microsecond. Thus, if frequency is 10,000 me, the 
number of cycles in 1 microsecond is also 10,000. During a 5 ms pulse at this frequency 
there are 50,000 cycles, each 3 cm long (table 1203). Since radio energy travels 983.5 
feet per ms, the beginning of the pulse is 4,917.5 feet, or approximately 0.8 mile away 
when the pulse ends. For a 200-mile range, the beginning of the pulse requires about 
2,471 ms to make the round trip. As the pulse continues for 5 ms, the minimum pulse 
interval for this range is 2,476 ms if the echo is to return before the next pulse begins. 

In any electrical circuit containing resistance and capacitance or inductance a 
measurable time delay (time constant) is experienced within the circuit. To allow for 
this, the PRR is made relatively slow. Thus, if the repetition rate is 200 pulses per 
second, a pulse begins every 5,000 ms (pulse spacing =5,000 ms), and for a 5-ms pulse, 
the pulse separation is 4,995 ms. This means that the transmitter is working only 


5/5000 or 0.001 of the time. The ratio DUBE 
pulse spacing 


equal to the ratio of “time on” to “total period” of the transmitter. Thus, duty 
Ieee ee SOON ene. This is shown in figure 1203, 
pulse spacing total period peak power 
which indicates that average power is quite small because of the relatively long wait 
between pulses. Therefore, high-power pulses can be generated by overloading small, 
lightweight components for a short time. If the duty cycle is 0.001, the peak output 
of a transmitter can be 50,000 watts, the power of a large commercial broadcast station, 
from equipment designed to handle an average load of about 50 watts (peak power= 
average power --duty cycle). In practice, additional input power, perhaps 50 percent, 
is provided to allow for various power drives, dial illumination, heat loss, ete. 

1204. Cathode ray tube.—The presentation of radar range and bearing information 
is usually accomplished by means of a cathode ray tube (CRT). With its associated 
controls, this may be called an oscilloscope, or scope for short. It is an important part 
of radar and loran (ch. XIII), as well as television, where it is often called a picture tube. 

The essential elements of a cathode ray tube are shown in figure 1204a. The large 
end or screen of a highly-evacuated glass tube is coated on the inside with one of the 
fluorescent materials known as phosphors (e. g., zinc sulphide or cadmium sulphide), 
which become phosphorescent (luminous) under bombardment by electrons. I[l- 
lumination occurs only at the point of impact, and persists for a longer or shorter time 
depending upon the intensity of bombardment and the type of phosphor. A stream or 
beam of electrons is sharply focused on the screen, and appears as a spot of light if the 
direction of the electron beam is stationary. If the beam changes direction, the 
illuminated spot appears to move. If the movement is sufficiently fast, the path of the 
moving spot is traced on the screen as a luminous line called a trace. In dark trace 
tubes, this is reversed, the trace appearing as a dark line on a lighter screen. 


is called the duty cycle. It is 


cycle = 
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FicurE 1204a.—Simplified cathode ray tube. 


Two of the basic facts of electronics are (1) an electron possesses unit charge of 
negative electricity, and (2) an electron is repelled by a surface possessing a negative 
charge (excess of electrons) and is attracted toward a surface having a positive charge 
(deficiency of electrons). 

In a vacuum, large numbers of electrons are expelled from a hot metallic surface, 
if that surface forms the negative electrode (cathode) of an electric field. In a CRT 
a cathode in the base of the tube is aligned with the tube axis, and brought to a high 
temperature by an enclosed heater coil (fig. 1204b). The forward end (toward the 
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Control Grid 
FicureE 1204b.—Cathode and control grid. 
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screen) of the cathode is coated with barium and strontium oxides to increase the 
emission of electrons which leave the hot cathode with random directions and speeds. 
Near the cathode is a control grid, a cylinder near one end of which is a closure having 
a small hole in the center. Electrons from the cathode pass through the hole, attracted 
by the positive charge on the focusing anode beyond. Thus, a narrow beam of elec- 
trons is brought to a focus at the cross-over point. This beam is in many respects 
similar to a beam of light, which it resembles. It is capable of being focused and of 
forming real and virtual images, a property utilized in the electron microscope. The 
expression electron gun may be applied to all components forming the beam, and 
sometimes, also, to those components which focus and deflect it. The control grid 
is so called because its function is to control the intensity (brightness) of the trace 
by determining the number of electrons in the beam. As the control grid (fig. 1204b) 
is made more negative with respect to the cathode, electrons are repelled more and more 
strongly until at cut-off voltage none of them can escape through the hole, to form the 
beam. Thus the intensity (brightness) control of a radar or loran indicator changes 
the brightness of the trace by varying the negative charge on the control grid. The 
process of blocking the beam entirely is called blanking or gating. 
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Control of the beam is accomplished either electrostatically or electromagnetically. 
Some tubes employ both methods, as electrostatic focus combined with electromagnetic 
deflection. In either case, the beam is focused sharply on the screen. 

Electrostatic focusing is accomplished by means of two cylindrical anodes (fig. 
1204c) both of which have a positive charge with respect to the cathode, the second or 
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Fiaure 1204c.—Electrostatic focusing. 





accelerating anode being somewhat more positive than the first. The field between 
the two anodes represented by the fine lines in figure 1204c forces moving electrons 
toward the axis, thus compressing into a narrow pencil the beam diverging from the 
cross-Over point. 

After being focused in the focusing anode (sometimes called electronic lens), 
the beam passes between two pairs of electrodes called deflection plates. The field 
between opposite plates is controlled by externally applied voltages. In most electro- 
static tubes, the plates are rigidly supported and the tube is installed with one of the 
pairs horizontal and the other pair vertical. These plates are called the horizontal and 
vertical deflection plates, the words “‘horizontal’’ and ‘‘vertical’’ referring to the direction 
of the field between the plates, not to the plates themselves. 

If there is no electric field between the deflection plates, the electron beam passes 
between them without change of direction. The beam then strikes the screen at its 
center and appears as a small, stationary spot of light, having sharply defined edges 
when properly focused. The position of the beam, and consequently of the spot, is 
affected by a change in the field between the deflection plates. The spot is moved 
up or down from the center depending upon whether the upper or lower deflection 
plate is positive with respect to the other (see fig. 1204d). The deflection is propor- 
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FiagureE 1204d.—Electrostatic deflection. 
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tional to the voltage on the plates. If an alternating voltage is applied to the vertical 
deflection plates, each plate of the vertical pair becomes alternately positive and nega- 
tive, and the spot moves in a vertical line above and below the center of the screen 
(fig. 1204d). The frequency of the up-and-down motion of the spot is the same as that 
of the impressed voltage. For all frequencies above a few cycles per second the suc- 
cessive positions of the spot merge into a solid vertical line, because of (1) the persistence 
of the fluorescent screen and (2) the persistence of vision such as prevents one from being 
conscious of flicker in a properly-run motion picture film. The length of the trace 
is proportional to the peak values of the alternating voltage on the plates and is con- 
trolled by the vertical gain which amplifies weak signals. 

The entire trace can be offset vertically from the center of the screen by applying 
a constant, positive voltage to the upper or lower vertical-deflection plate. This does 
not change the vertical length of the trace, except as the physical limits of the screen 
are involved, because the amplitude of the alternating voltage is not affected. The 
trace is raised or lowered by adjusting the vertical centering control which applics a 
steady, positive voltage to the appropriate plate. The horizontal centering control 
functions in a similar manner to move the trace left or right. If an alternating voltage 
is applied only to the horizontal deflecting plates, a horizontal line is traced by the beam 
sweeping back and forth across the screen. The circuit which generates this voltage 
is called sweep generator. (The word “sweep” is usually applied to the horizontal 
trace.) The frequency of the voltage controls the sweep speed, and the length of the 
trace, proportional to the amplitude of the deflection voltage, is controlled by the 
horizontal gain. 

If the voltage between the horizontal plates varies according to a sine curve (fig. 
1204e), the spot moves at a varying rate of speed because the voltage is changing 
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FictrE 1204e.—Sine wave and sawtooth voltage. 


faster near zero than neara peak. When this is unsatisfactory, use is made of a sweep 
gencrator designed to produce a saw-tooth voltage which increases uniformly with 
time and then falls rapidly to its minimum value (fig. 1204e). Application of a saw- 
tooth voltage causes the spot to move at a uniform speed outward from its neutral 
position and then return to it within a few microseconds (called flyback time). During 
this time the beam of some tubes is blanked so that no return trace 1s seen. 
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Control of the beam is accomplished either electrostatically or electromagnetically. 
Some tubes employ both methods, as electrostatic focus combined with electromagnetic 
deflection. In either case, the beam is focused sharply on the screen. 

Electrostatic focusing is accomplished by means of two cylindrical anodes (fig. 
1204c) both of which have a positive charge with respect to the cathode, the second or 
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Figure 1204c.—Electrostatic focusing. 


accelerating anode being somewhat more positive than the first. The field between 
the two anodes represented by the fine lines in figure 1204c forces moving electrons 
toward the axis, thus compressing into a narrow pencil the beam diverging from the 
cross-over point. 

After being focused in the focusing anode (sometimes called electronic lens), 
the beam passes between two pairs of electrodes called deflection plates. The field 
between opposite plates is controlled by externally applied voltages. In most electro- 
static tubes, the plates are rigidly supported and the tube is installed with one of the 
pairs horizontal and the other pair vertical. These plates are called the horizontal and 
vertical deflection plates, the words “horizontal” and ‘‘vertical’’ referring to the direction 
of the field between the plates, not to the plates themselves. 

If there is no electric field between the deflection plates, the electron beam passes 
between them without change of direction. The beam then strikes the screen at its 
center and appears as a small, stationary spot of light, having sharply defined edges 
when properly focused. The position of the beam, and consequently of the spot, is 
affected by a change in the field between the deflection plates. The spot is moved 
up or down from the center depending upon whether the upper or lower deflection 
plate is positive with respect to the other (see fig. 1204d). The deflection is propor- 
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Fiacure 1204d.—Electrostatic deflection. 
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tional to the voltage on the plates. If an alternating voltage is applied to the vertical 
deflection plates, each plate of the vertical pair becomes alternately positive and nega- 
tive, and the spot moves in a vertical line above and below the center of the screen 
(fig. 1204d). The frequency of the up-and-down motion of the spot is the same as that 
of the impressed voltage. For all frequencies above a few cycles per second the suc- 
cessive positions of the spot merge into a solid vertical line, because of (1) the persistence 
of the fluorescent screen and (2) the persistence of vision such as prevents one from being 
conscious of flicker in a properly-run motion picture film. The length of the trace 
is proportional to the peak values of the alternating voltage on the plates and is con- 
trolled by the vertical gain which amplifies weak signals. 

The entire trace can be offset vertically from the center of the screen by applying 
a constant, positive voltage to the upper or lower vertical-deflection plate. This does 
not change the vertical length of the trace, except as the physical limits of the screen 
are involved, because the amplitude of the alternating voltage is not affected. The 
trace is raised or lowered by adjusting the vertical centering control which applies a 
steady, positive voltage to the appropriate plate. The horizontal centering control 
functions in a similar manner to move the trace left or right. If an alternating voltage 
is applied only to the horizontal deflecting plates, a horizontal line is traced by the beam 
sweeping back and forth across the screen. The circuit which generates this voltage 
is called sweep generator. (The word “sweep” is usually applied to the horizontal 
trace.) The frequency of the voltage controls the sweep speed, and the length of the 
trace, proportional to the amplitude of the deflection voltage, is controlled by the 
horizontal gain. 

If the voltage between the horizontal plates varies according to a sine curve (fig. 
1204e), the spot moves at a varying rate of speed because the voltage is changing 
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FicureE 1204e.—Sine wave and sawtooth voltage. 


faster near zero than near a peak. When this is unsatisfactory, use is made of a sweep 
generator designed to produce a saw-tooth voltage which increases uniformly with 
time and then falls rapidly to its minimum value (fig. 1204e). Application of a saw- 
tooth voltage causes the spot to move at a uniform speed outward from its neutral 
position and then return to it within a few microseconds (called flyback time). During 
this time the beam of some tubes is blanked so that no return trace is seen. 


308 RADAR 


The horizontal sweep now becomes a time base which can be used to measure such 
extremely small intervals of time as that between the start of a radar pulse and the 
return of its reflected echo, or the interval between receipt of the master and slave 
loran pulses. Since distance (range) to an object is a function of the time, the time 
base of a radar is sometimes called range sweep. Equal range differences are repre- 
sented by equal segments of the range sweep. 

Suppose that an alternating (sine wave) voltage is applied to the vertical plates 
and that the horizontal sweep is uniform with time. Thus, in figure 1204f, let a time 
interval start at A and increase to 
the right. At A there is no vertical 
deflection, indicating zero voltage at 
that instant on the vertical plates. If 
the upward direction is taken as pos- 
itive, the spot moves upward as posi- 
tive voltage increases, and to the right 
as time increases. At B the voltage 
reaches its peak and starts decrea- 
sing, passing zero at C, a negative peak 
or trough at D, and returns approx- 
imately to zero at E. By adjusting 
the sweep frequency (period) including 
fly-back time so that it is the same as 
the frequency (period) of the alter- 
nating voltage on the vertical plates, 
one can make the time base start each 
of its horizontal sweeps at the same 
phase of the alternating voltage. All 

Figure 1204f.—Trace of sine wave voltage. points appear in the same place 

on the screen during each cycle. 
Consequently, the moving spot retraces the same curve over and over again, and the 
resulting luminous trace is stationary on the screen. The trace then indicates the 
amplitude variations of alternating voltage with time. In figure 1204f, the wave shape 
is that of a sine wave. Other wave shapes may be created by adjustment of deflecting 
plate voltages. 

In figure 1204f the frequency of the vertical deflection voltage is shown as being 
the same as the horizontal sweep, including flyback, resulting in a stationary pattern. 
If the sweep speed is decreased very slightly it takes a little longer for the spot to move 
a given distance, as from A to C, and the vertical voltage (still at the former frequency) 
arrives at C when the horizontal deflection is only at C’. All other points on the trace 
are similarly displaced to the left of the positions registered when the two voltages had 
the same frequency. On each succeeding sweep all points of the trace are displaced 
still farther to the left. The trace therefore appears to drift to the left on the screen, 
the speed of drift increasing as the difference of frequencies increases. If the sweep 
frequency is increased, the trace is made to become stationary again or drift to the 
right. The drift (oscillator) control on loran receivers such as that shown in figure 
1308a, provides a means for adjusting the sweep speed until a stationary trace is 
obtained. The “left-right control” (fig. 13082) changes the start of the sweep by a 
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small amount so that the trace can temporarily be shifted slowly left or right and 
then stopped. 

The pedestal seen on a loran indicator is created by suddenly applying and as 
suddenly removing a small voltage to the vertical plates by means of a square-wave 
generator. Similarly, the separation between the A- and B-traces of a loran indicator 
is caused and controlled by applying appropriate constant voltages to the vertical plates. 
The matching of loran signals is accomplished by adjusting sweep speed (recurrence rate), 
time delay and amplitude of the voltages applied to the horizontal and vertical plates as 
described in chapter XIII. 

As indicated above, both focus and deflection accomplished electrostatically require 
internal electrodes, whose supports are fragile and vulnerable to displacement by shock 
or otherwise, and which do not permit the electrodes to be moved at will once manu- 
facture has been completed. However, the simple circuitry and minimum power 
requirements of electrostatic CRT tubes recommend them for test instruments and for 
loran indicators which exhibit but one type of presentation. Electromagnetic control 
is rugged, compact, and flexible because the only internal elements are those associated 
with the electron gun, and these can be rigidly supported. The magnetic fields which 
control the electron beam originate outside the cathode ray tube. Both the position of 
the controlling accessories and the currents which supply them can be adjusted exter- 
nally to produce the desired effect. (See fig. 1204g.) 
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FicureE 1204g.—Electromagnetic cathode ray tube. 


Electromagnetic focusing depends upon the reaction of a momng electron to a 
magnetic field. The neck of the CRT is surrounded by a shielded magnetic focus coil, as 
shown in figure 1204h. Direct current passing around the coil creates within the tube 
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FicurReE 1204h.—Electromagnetic focusing. 
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a constant magnetic field through which the electron beam must pass. By adjustment 
of the magnetic field, the electron is made to reach the axis at the same instant that it 
arrives at the screen. Figure 12041 shows the top, side, and end views of a wire bent 
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FiGuRE 1204i.—Path of electron in electromagnetic control. 


to the approximate shape of the path of an electron entering the focusing field along 
XA, figure 1204h. 

Electromagnetic deflection is accomplished by creating a second magnetic field in 
the neck of the tube. This is done by encircling the neck with a coil of wire called a 
deflection yoke. One form of yoke, shown in figure 1204j, produces within the tube 
a ficld which in the figure lies in the plane 
of the paper. An electron moving perpen- 
dicularly into the page is deflected to the 
right or left depending upon the direction 
of the current in the coils. Thus, an alter- 
nating current in the coils results in a 
linear sweep on the screen. For use in a 
PPI, the entire yoke is rotated around the 
tube axis, in synchronism with the an- 
tenna. This results in a range sweep ro- 
tating around the center of the PPI screen, 
like a spoke of a wheel. 

In the electrostatic system, the vary- 

Ficure 1204j.—Electromagnetic deflection. ing voltage of the signal is applied to 
the vertical plates causing vertical dis- 
placement of the beam from the horizontal time base. This is called deflection modu- 
lation of the sweep. If the time base (sweep) is rotating as in a PPI, such deflection is 
unsatisfactory, and intensity modulation is used instead. This consists of changing 
the intensity of the electron beam instead of its direction, as the sweep moves outward 
from its starting position. This is accomplished by applying a part of the signal voltage 
to the control grid of the electron gun, causing the intensity of the beam to increase as 
the signal voltage increases. A stronger signal produces a brighter trace. When 
applied to a rotating range sweep, intensity modulation causes the trace to ‘“‘paint” 
an area of the screen as the scanning beam sweeps over a radar target. 

In most radar equipment the sweep is normally held in its starting position (origin) 
until a pulse is transmitted. A trigger pulse is then produced which starts the sweep 
generator. This coordinates the signal and sweep, and also provides a means for con- 
trolling the recurrence rate of the sweep by introducing precise time delays into the 
circuit. It thus becomes possible to regulate the sweep so that only those echoes 
received within predetermined time limits are presented. The various steps taken in 
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matching loran signals, described in chapter XIII, consist essentially of inserting 
appropriate delays in the start of the trigger pulse controlling the indicator sweep. _ . 
1205. Plan position indicator.—The name plan position indicator (PPI) is applied 
to a type of radar presentation which displays on the circular screen of a cathode ray 
tube a maplike picture of the terrain below and around the aircraft. (See fig. 1210a.) 
This is the presentation usually available in radar-equipped aircraft. In figure 1205 
the center of the scope represents the aircraft’s radar antenna. A radar target is 
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FicureE 1205.—A plan position indicator (PPI). 


shown at its correct bearing, and at a distance from the scope center proportional to 
its distance. The scale of the “map,” or the number of miles represented by 1 inch 
on the scope, can be changed in predetermined increments. Thus, the maximum 
range displayed as limited by the circumference of the scope, can be manually adjusted 
to represent, perhaps, 5, 10, 30, 100, or 200 nautical miles. Range markers are traced 
on the scope at appropriate intervals, as every 2 miles when maximum range is 5 or 
10 miles, every 5 miles on the 30-mile scale, and every 25 miles on the 100- and 200- 
mile scale. A compass rose surrounds the scope, providing a convenient bearing ref- 
erence. In figure 1205, the range scale is 100 miles, the range marker interval is 25 
miles, and a large target is shown at a relative bearing of 060° at a range of 50 miles. 

The PPI (radial time base) display is obtained by mechanically rotating the 
deflection yoke (art. 1204) of an electromagnetic cathode ray tube in such a manner 
that the direction of the deflection field, and consequently of the range sweep (art. 
1204), is synchronized with the direction of the scanning beam from the transmitting 
antenna. Thus, if the antenna is searchlighting a relative bearing of 060°, the range 
sweep on the PPI 1s stationary at 060° on the screen compass rose. If the beam falls 
on a radar target, the returning echo changes the charge on the control grid, and 
intensifies the range sweep at the point whose distance from the center is proportional 
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to the distance to the target. Thus, if the PPI is on the 100-mile scale and a target 
is 50 miles away, a bright spot appears on the range sweep, one half of the distance 
from the center of the scope to its edge. It is on the second range marker, indicating 
a range of 50 miles. If the area illuminated is of appreciable size, a corresponding 
length of the range sweep is intensified. If the sweep is rotating, the illuminated 
portion of the sweep ‘‘paints”’ an area on the screen. 

Due to the persistence of the screen phosphor (art. 1204) the gradually fading 
image remains on the screen until it is reinforced again by the return of the range 
sweep. All objects returning radar echoes appear on the screen in their correct posi- 
tions, and the scope thus becomes a miniature perspective map of the area. For a 
5-inch diameter screen set for a 30-mile range, the scale of the ‘‘map”’ is 1:874,959 
or a little larger than the scale of a world aeronautical chart, which is 1:1,000,000. 
The PPI presentation is not a true map, except with special instrumentation for an 
area directly beneath the aircraft. A map is a portrayal of terrain as seen from a 
point directly above cach point on the map. A PPI scope shows each point as seen from 
a point above one of them as in a photograph. Thus, a PPI “picture” is distorted by 
the combined effects of (1) perspective, (2) the rather gross resolution characteristics 
of present radar, (3) use of slant range instead of ground distance, (4) radar cross 
section (art. 1203) of the various elements of the landscape and (5) the motion of 
the aircraft about its axes and over the ground. The radar response from various 
targets is discussed in article 1211. 

1206. Beam types.—The characteristics of a PPI display are affected by the type 
and operation of the radar scanning beam. Many airborne radars allow a selection 
of a beam type; that is, a choice is permitted of either a narrow, pencil beam, like that 
of a searchlight; or a thin, fan-shaped beam spreading vertically downward from the 
horizontal. The latter is called cosecant-squared beam, equal-energy beam, or map- 
ping beam. Figure 1206a shows top and side views of each of these beams. Addi- 
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Figure 1206a.—Pencil beam and cosecant-squared beam. 


tionally, it is usually possible to rotate the antenna in bearing over a wide arc, or even 
through 360° if structural limitations of the aircraft permit, and also to tilt it from a 
few degrees above, to a few degrees below the horizontal. When the pencil beam is 
used, the only targets seen on the screen are those in a ring around the aircraft. 
Ground objects near the horizon, and those in a circular area around the aircraft’s 
position are not seen if the terrain is flat. The central blank area (sometimes called 
altitude hole) can be considered as a safety circle (fig. 1206c) because the image from an 
obstruction high enough to be illuminated by the pencil beam and thus constituting 
a possible hazard, moves into the safety circle as the range decreases. 
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When the cosecant-squared beam is used, the illuminated area is greatly increased 
because the narrow pencil beam is expanded in the vertical plane. This increases the 
amount of terrain brought under observation and decreases the radius of the safety 
circle. 

Consider, further, the PPI display when using the pencil beam in its stationary 
(nonrotating) position. If the tilt angle and relative bearing of the radar beam are 
both zero degrees, the beam becomes an extension of the longitudinal axis of the air- 
craft. If this axis is horizontal, objects at flight altitude appear on the screen. This 
setting is useful in obstacle detection and collision avoidance. Figure 1206b shows 
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Figure 1206b.—A pencil beam covers a small area. 


that an aircraft ahead and at the same altitude is displayed as a bright spot on the 
screen. Those above and below approximate flight altitude are not seen, but would 
come into view if the beam were tilted up or down from its zero tilt position. The 
angle of tilt can be varied at will to observe particular regions. Since the beam at 
zero tilt is an extension of the longitudinal axis, it is not necessarily horizontal, being 
affected by the angle of climb, and by wing loading as reflected in angle of attack. 

Figure 1206c illustrates one type of situation encountered in mountainous areas. 
At A the aircraft at 6,000 feet over level terrain is approaching an 8,000-foot elevation. 
The screen display is normal for this situation. The bright circular image shows the 
variations in intensity resulting from the characteristic reflectivity of the various 
objects illuminated (art. 1211). The beam has not yet reached the mountain and the 
safety circle is undistorted. 

At B, the beam strikes the side of the mountain. Since the distance to the moun- 
tain has now decreased by the amount shown by the broken line, the image on the screen 
is displaced toward the center on this bearing, encroaching on the safety circle. Also, 
the mountain prevents the beam from reaching its full range, and a dark area, called 
radar shadow, appears radially outside the image of the mountain. It is not always 
easy to distinguish between a radar shadow and lack of response from smooth surfaces, 
particularly smooth water or smooth ice. 
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At C, the range has decreased still further, the radar shadow is more distinct, and 
the image of the mountain is within the safety circle. If the longitudinal axis of the 
aircraft is horizontal and the beam is set at zero tilt, the presence of a radar image 
within the safety circle on the “ahead” bearing gives maximum warning of a hazardous 
situation. 

The cosecant-squared beam is formed by altering the reflective characteristics 
of the antenna reflector (‘‘dish’’) (fig. 1206d) so that the transmitted energy is spread 
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out in a vertical plane into a fan-shaped beam. The energy distribution of this beam 
is such that all points on level ground reached by the beam receive approximately the 
same signal intensity regardless of the slant range as in figure 1206e. Figure 1206f 
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Fiaure 1206e. 
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shows the geometric relationships. The slant COSECANT- SQUARED 
range (r) from an antenna at A, whose ANTENNA 
altitude is A miles, is given by r=A csc, 

where @ is the angle of depression from the _ 
horizontal to a point on a level surface BC. 

Thus, the slant range varies as the cosecant = airiypg =h 
of 6. An antenna designed so that the field 
intensity pattern also varies with cosecant 
0, lays down a uniform electric field in a 
narrow band on earth so that the echo respon- 
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ses of both near and distant targets are the GEOMETRIC RELATIONSHIPS 
same. The screen, therefore, shows equal Fiaure 1206f.—Slant range is a function 
indications from targets of equal radar of altitude. 


cross section, regardless of their distance, 

because more energy is directed toward distant objects than toward those nearer to 
the aircraft. Such a radar beam is called cosecant-squared because power density 
varies as the square of the field intensity; that is, as the square of the cosecant of the 
depression angle (6). The cosecant-squared beam is used for general search, observa- 
tion and mapping of ground objects because it provides wider coverage and more 
uniform responses during each sweep. 

1207. Resolving power of an optical instrument is measured by the minimum 
separation of two objects which appear distinct and separate when viewed through the 
instrument. Similarly, the resolving power of a radar describes qualitatively its ability 
to separate two or more targets. It is sometimes called target discrimination, or 
resolution. The overall resolving power of the entire radar equipment depends pri- 
marily upon the sharpness of the beam, and pulse length. Resolution is also affected 
by other characteristics of the equipment, such as receiver fidelity, spot size, sweep 
speed, pulse repetition rate, etc., which are not ordinarily adjustable by a navigator. 
It also depends upon the navigator’s setting of the focus, gain, and intensity controls, 
careful adjustment of which frequently improves the definition of the image on the screen. 

Resolution in range, the ability of a radar to discriminate between two or more 
targets on the same bearing, depends primarily upon pulse length. In article 1203 it 
was pointed out that a radar pulse 5 ms long extends for a distance of approximately 
0.8 mile. If the range to a target is one-half of this distance (0.4 mile) the echo from 
the wave front returns to the antenna just as the last of the pulse leaves the antenna. 
That is, the minimum range for any radar is approximately one-half of the pulse length. 

When a pulse strikes a target which does not absorb all of the energy, part of the 
pulse returns as an echo, and the remaining part continues in the original direction. 
Since both parts travel at the same speed, they are equidistant from the target. 

If two such targets are present on the same bearing, each target returns an echo 
having the same length as the transmitted pulse. Figure 1207a shows the situation 
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Figure 1207a.—Radar pulse strikes further of two targets separated by more than one pulse length. 
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at the instant that a transmitted pulse strikes the second of two targets which are 
separated by a distance greater than the pulse length. The ccho has already left the 
nearer of the two targets. In figure 1207b, the transmitted pulse has passed beyond 
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Figure 1207b.—Separate echoes are returned. 


the second target and the echoes from both targets are returning toward the antenna. 
Both will return before a new pulse starts. The distance between the fronts of the two 
echoes is twice the distance between the targets; or, conversely, target separation is 
one-half the distance between wave fronts of the echoes. Therefore, if target separa- 
tion is one-half the pulse length, the front of the second echo coincides with the rear 
of the first echo, forming a continuous pulse, as shown in figure 1207c. As seen on the 
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FiGcurE 1207c.—Echoes merge if target separation is one-half pulse length or less. 


radar screen, it looks like one large target. Thus, the range resolving power of a radar 
is essentially one-half pulse leagth. Therefore, better range resolution is obtained by 
using a shorter pulse. In figure 1207d the target separation is the same as in figure 
1207c, but since pulse length is shorter, the echo of each target can be distinguished. 

Airborne radar equipment is usually designed to provide automatically a pulse 
length appropriate to the maximum range to which it is set, a shorter pulse length 
being used for shorter ranges, where a better resolution is desirable. Therefore, two 
targets might appear as a single echo on a 100-mile scale, and as 2 echoes on a 30-mile 
scale, as shown in figure 1207d. 
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Ficure 1207d.—Shorter pulse length improves range discrimination. 
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Resolution in bearing, or the ability of a radar to discriminate between two or 
more targets at the same range and elevation, depends primarily upon beam width, 
as shown in figure 1207e. A target consisting of a single point appears as wide as 
the beam. As the beam rotates, a target 
first appears when the leading edge of the 
beam strikes the target, and the center of 


the beam is still half the beam width away. a x 
Similarly, the target continues to appear : 
until the trailing edge of the beam leaves it. ef 
Thus, a target appears too wide by half 


the beam width on each side, or by a total of 

one beam width. Therefore, two targets 

at the same range appear as a single Norrow poe 
target unless they are separated by more } 
than one beam width. Resolution in Z, 
bearing improves with decreased range 
because angular separation increases. 

The necessity for the wide variety of 
radar types is partly explained by the dif- 
fering resolving power requirements. In 
general, a navigational radar designed for 
multipurpose use has a beam several times 
wider than many special-purpose radars. This explains why the signal from the single 
antenna of a racon (art. 1212) are several degrees wide. It is customary to consider 
the middle of the trace as representing the bearing of the target, but this is only an 
approximation. Radar bearings are usually considered less accurate than radar ranges. 

1208. Clutter is unwanted indications which may obscure all or part of a radar 
screen. Sometimes it is called noise because of its analogous relationship to “static” 
of a radio receiver. When it comes from the ground, it may be called ground return; 
and when from the sea, sea return. Often it is caused by echoes from irregularities 
of the reflecting surface, which are illuminated by side lobes adjacent to the main beam. 
It may also be caused by echoes from precipitation. Sometimes it is so intense that it 
obliterates even the strongest indications. 

Sea return and ground return occur near the center of the screen, and can be 
subdued on some types of equipment by automatically reducing the gain (automatic 
gain control, AGC) or sensitivity (sensitivity time control, STC) or both at the beginning 
of cach outward sweep of the trace. Clutter from precipitation is more troublesome, 
but sometimes readings can be made through it by reducing gain to a point at which a 
major target is barely perceptible on the scope. A nearby area of heavy precipitation 
may cast a radar shadow on a target beyond. 

1209. Types of presentation by a cathode ray tube can be classified in either of 
two ways: (1) by the type of modulation impressed on the range sweep by the returned 
radar echo, and (2) by the number of spatial dimensions about which information is 
given. As indicated in article 1204, the electron beam of the cathode ray tube can be 
deflected from its normal linear sweep back and forth across the screen. When such 
deflection is initiated by a radar echo it is called deflection modulation. If the return- 
ing echo is caused to intensify the electron beam of an indicator tube without deflect- 
ing it, intensity modulation results. In both types of modulation, the range sweep 
is modified at a distance from its origin proportional to the distance (slant range) to 
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the target. Figure 1308e shows an example of deflection modulation, and figure 1210c 
an example of intensity modulation. The deflection of the trace caused by a radar 
echo is commonly called a pip and the intensification of the trace is called a spot. 

Space is commonly considered to have three dimensions. That is, the position of 
& point in space can be described completely in terms of three quantities. Relative 
to an observer, these three quantities are slant range (distance), bearing (horizontal 
direction), and elevation angle (vertical direction). A display of information is 1-, 2-, 
or 3-dimensional according to the number of dimensions presented. Thus, a radio 
direction finder bearing or the reading of an altimeter is a one-dimensional display. 
A chart or a PPI is a two-dimensional display. When slant range, bearing, and ele- 
vation angle are all given on a single screen, a three-dimensional display results. 

The display type of a particular radar is the result of a compromise in the emphasis 
to be given to the spatial dimensions. The problem of the radar engineer is com- 
parable to that of the cartographer, who represents a 3-dimensional earth on 2-dimen- 
sional paper. Any 1 or 2 of the spatial dimensions can be shown on a 2-dimensional 
radar screen, but a third dimension is accomplished only with difficulty, and with some 
degree of approximation. 

The various types of display are designated by letter as A-scope, J-scope, etc., the 
designation being applied to the presentation itself and, by extension, to the tube or 
unit which produces it. Thus, the letters ‘‘PPI” are applied to both a piece of radar 
equipment and to the type of display shown by a plan position indicator. 

Table 1209 shows the principal characteristics of various display types which 
have been used. A description of the PPI scope is given in article 1210. Other com- 
binations are possible. For tabular convenience, cathode ray screen patterns are 
referred to rectangular or polar coordinates. In the rectangular system, the X-axis of 
the screen is horizontal and the Y-axis is perpendicular to it in the plane of the screen. 
The two polar coordinates are designated Rho (p), the distance in the plane of the 
screen along a radius from the origin, and Theta (6), the angular distance from the 
given screen reference to that radius. These are commonly referred to as range and 
bearing, respectively. Some types of display, as types F or G scopes, are interpreted 
not in terms of bearing and range to the target, but in terms of the amount and direc- 
tion that the axis of the radar beam is off the target. These displays are sometimes 
called error indicators, the so-called ‘error’ being an aiming error. 

A brief description of the displays listed in table 1209 follows: 

A-scope.—A horizontal or vertical sweep, giving range only. Signals appear as 
vertical or horizontal deflections on the time scale. 

B-scope.—Signal appears as a bright spot with bearing angle as the horizontal 
coordinate and range as the vertical coordinate. 

C-scope.—Signal appears as a bright spot with bearing angle as the horizontal 
coordinate and elevation angle as the vertical coordinate. 

D-scope-—Combination of B and C scopes. The signal appears as a bright spot 
with bearing angle as the horizontal coordinate and elevation angle as the vertical 
coordinate. Each spot is expanded slightly in a vertical direction, to facilitate sepa- 
ration of signal from noise and give a rough range indication. 

E-scope-—Two types. In the first, range is horizontal and elevation angle is 
vertical. Constant height, as 10,000 feet, may be shown by markers. In the second 
type, range is horizontal and height is vertical and may be indicated by straight hori- 
zontal lines on the face of the tube or a transparent overlay. (See RHI mm art. 1210.) 
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F-scope.—A single signal only, appearing as a bright spot with bearing error as 
the horizontal coordinate, elevation angle error as the vertical coordinate. 

G-scope.—A single signal only, appearing as a bright spot on which wings grow 
as the distance to the target is diminished. Bearing error appears as the horizontal 
coordinate, elevation angle error as the vertical coordinate. This has been referred 
to as “Mark VI indication.” 

H-scope.—Modification of B-scope. Signal appears as two dots. The slope of 
the line joining the dots is approximately the angle of clevation. Bearing angle appears 
as the horizontal coordinate, and range as the vertical coordinate with respect to left- 
hand dot. 

I-scope.—Radial time base (RTB) three-dimensional display. Radar beam scans 
in expanding spiral around central axis, usually in line with longitudinal axis of air- 
craft. Target on axis appears on scope as circle whose radius is proportional to range. 
Off-axis targets appear as arcs in correct positions relative to axis. The p coordinate 
is range, and the @ coordinate, called spin angle, is angular distance from a reference 
direction in a plane perpendicular to the beam axis. Length of arc is proportional to 
accuracy In aiming. 

J-scope.—Modification of A-scope. The time sweep produces a circular range 
scale near the circumference of the screen. The signal appears as a radial deflection 
of the range scale. No bearing indication is given. 

K-scope-—Modification of A-scope for aiming a double-lobe system in bearing or 
elevation. A horizontal time sweep is displaced slightly in the direction of the antenna 
lobe in use. The signal appears as a double vertical deflection of the time sweep with 
the ratio of amplitudes indicative of the error in aiming. 

L-scope.-—Same as K-scope except time sweep not displaced, and pips appear 
base-to-base (one up, the other down) on range scale, which is usually horizontal. 
Antenna axis on target when pips have the same length. 

M-scope.—Modification of A-scope for accurate range finding. A time sweep, 
usually horizontal, is displaced vertically stepwise. The signal appears as a vertical 
deflection of the time sweep. An auxiliary device for controlling the step is used to 
move it to the pip, at which point the device registers range. 

N-scope.—Combination of K- and M-scope. Double pip on horizontal range scale. 

O-scope-—An A-scope modified by an adjustable notch for measuring range. 

P-scope.—A plan position indicator. 

R-scope.—Modified A-scope. A segment of the horizontal range scale near pip 
is expanded for more accurate range measurement. When combined with an A-scope 
it is called an A—R scope. 
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connecting the origin with a peripheral compass rose. Bearings are relative unless the 
indicator is provided with a movable compass rose whose zero mark can be adjusted 
manually to show true (or magnetic) north. If this adjustment is made automatically 
by connection with the aircraft’s compass system, the radar indication is said to be 
north stabilized. Some indicators have a colored, plastic screen to reduce eye fatigue, 
and a grid to measure angular displacements between targets. 

The basic PPI display can be modified in various ways for convenience, or greater 
accuracy of interpretation. Thus, the angle through which the antenna scans can be 
limited to a particular sector. For example, if the angle of scan is limited to 120° 
centered on the heading, the PPI then shows targets in a sector 60° on each side of 
dead ahead (fig. 1210b). This sector scanning is generally used to search an area 
ahead of the aircraft. The plane of the 
sector is determined by the tilt of the antenna. 
The vertex of the sector (origin of the range 
sweep) is usually offset from the center of 
the screen to provide fuller use of the screen 
area. This is called an offset sector (fig. 
1210b). On sector scan the speed at which ; 
the antenna sweeps back and forth across A ie Mie ees, 
the sector may be increased to provide more F, Jilin bd] 
frequent scan. be a 

Most of the clutter obscuring a PPI, 
except that resulting from precipitation, is 
near the center of the screen. Because 
targets at these short ranges are often of less 
interest than those farther away, target im- 
ages and much of the clutter may be blanked 
out by delaying the start of the range sweep. Pi Sune TDIOIi=O Asal Roster Sean: 

The result is known as an _ open-center 

display (fig. 1210c). Further discrimination between wanted and unwanted signals 
can be achieved by limiting both the start and finish of the range sweep so that only 
a portion, for instance 30 miles, appears on the screen. If the antenna is scanning 
360°, an annulus (circular band) is generated on the screen, and targets in this area 
only are indicated. On sector scan, a sector of the annulus is shown, which in some 
cases is expanded to occupy most of the screen (fig. 1210b). When this feature is 
incorporated, it is customary to provide control of the start of the fixed range segment, 
so that the display will show only targets within perhaps 30 miles beyond any selected 
distance, as between 10 miles and 40 miles or 20 miles and 50 miles. This allows a 
selected target to be centered on the scrcen. 

PPI displays may be intentionally deformed by stretching one or both of the 
rectangular coordinates of the screen. This is linear deformation, as contrasted with 
radial deformation which occurs when a range sweep is delayed or expanded. A 
linearly deformed or stretched PPI is useful in a range-height indicator (RHI) because 
the height of target aircraft is normally such a small proportion of the range that the 
two cannot be measured adequately on the same scale. 

An RHI is essentially a normal PPI laid on its side so that the antenna scans 
vertically instead of horizontally. Range is still shown radially, but the bearing angle 
of the normal PPI becomes elevation angle. The vertical plane in which RHI scans 
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Figure 1210c.—Open-center display. 


can be rotated about a vertical axis, as the horizontal plane of normal PPI can be 
tilted around a horizontal axis. In RHI, targets in a vertical plane only are displayed, 
if the generally narrow beam width is neglected. The RHI screen shows a side view 
of this plane (fig. 1210d), the horizontal X-axis showing range in mies and the vertical 
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FicureE 1210d.—RHI is essentially a PPI turned on its side. 
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Y-axis showing directly the height of the target aircraft in feet, not its elevation angle 
in degrees. Height instead of elevation angle is obtained by electronically combining 
the range with the sine of the elevation angle. The height scale must be increased or 
“stretched”’ if significant information is to be obtained, particularly for distant aircraft. 
Figure 1210d shows a height scale which has been stretched so that 5 miles (30,000 
feet) is equivalent to about 20 miles of range. As with a stretched rubber sheet, lines 
parallel and perpendicular to the direction of stretch are not distorted, but circles, such 
as range markers, become ellipses with their major axis in the direction of stretch. 
The principles of range-height indication are utilized effectively in the ground con- 
trolled approach (GCA) system for controlling approaches to landings under instrument 
flight conditions. 

1211. Target reflectivity —The ability of targets to reflect radar energy depends 
mainly upon the area, shape, and electrical characteristics of the reflecting material; 
and also upon the angle of incidence of the radar beam, and its wave length. The 
radar cross section (art. 1203) of an object may be greater than its so-called geometrical 
cross section. Thus, the geometrical cross section of a spherical raindrop of diameter 


7 300 d° 
d is zS , while the radar cross section ¢o= x 








where \ is the wave length of the 


radar energy. Bothd and Ashould be in the same units. The effect of target diameter 
is indicated by the fact that a single raindrop 2 millimeters in diameter has a radar 
cross section for a 3-centimeter (30 mm) wave of 640 mm’, and is therefore equivalent 
to 4,096 drops one-fourth as large ((1/4)°= 1/4096). 

The effect of wave lengths in cross section equations is important. A radar of 
10-cm or longer wave length shows only the largest drops, a 3-cm radar shows small 
drops, while a 1-cm radar shows echoes from the finest rain and even from most clouds. 

In order that a navigator may better evaluate the relative strength of pips appear- 
ing on his screen, the following expressions give the value of the radar cross sections (c) 
of various metallic targets for both perpendicular and small angles of incidence (6): 





Perpendicular Oblique 
Bese 4 x A? 4x3 
Flat. metallic sheet of area A___-.--------------------- x2 ro 
do, aes 2 x Pl? RX 
Metallic cvlinder of radius R and length l.-..-.-------- x oxo 
Metallic sphere of radius R_...---.-.-----.------------ 9 (75*) Wo eee eS 
; 4 nat 
Corner reflector where a is length of corner edge (max.)-__- “3 yP terete ee eeeee 


The corner reflector is a device combining small size with large radar cross section. 
Its optical counterpart is the glass reflector used for highway markers in which light 
from any direction within a hemisphere is reflected back toward its source. Similarly, 
radar beams striking a corner reflector from widely different angles are all reflected 
back toward their respective sources. (See fig. 121la.) The intensity of an echo from 
a corner reflector is as strong as that normally received from a much larger target. 
Corner reflectors are used, either singly or in clusters, to mark important navigational 
points, and when fixed at known positions near an airport are used to calibrate air 
surveillance, GCA, and other airport radars. Some buoys and other aids to marine 
navigation are fitted with radar reflectors. On charts, the presence of a radar reflector 
is indicated by the abbreviation “Ra. Ref.”’. 


326 RADAR 


The echoes from a target can be reduced by appli- 
cation to the target of radar absorbent materials. In 
general, there are two classes of radar absorbers. In 
one type, the coating is of such a thickness and elec- 
trical character that energy which otherwise would be 
reflected from the front surface is canceled by destruc- 
tive interference from energy reflected by the rear surf- 
ace. This is analogous to the antireflection coatings 
applied to optical lenses. Absorbent material of the 
second type is such that no reflection occurs at the 
front surface and energy entering the layer is com- 
pletely absorbed internally. 

Most radar targets are complicated shapes, rather 
than simple geometrical shapes. In the discussion of 
targets generally, a distinction is made between (1) a 
Figure 12l1a.—Corner reflector, Complex target, a complicated target that is large but 

which is still smaller than the area Uluminated by the 
radar beam, (e. g., an aircraft, ship, or structure) and (2) a compound target, one com- 
posed of many independent elements of more or less the same kind (e. g., rain, vegeta- 
tion, etc.), whose limits extend beyond the area illuminated by the beam. 

The radar cross section, and hence the resultant image brightness, of a complex 
target depends critically upon aspect as seen by the radar beam. For example, the 
responses from a target aircraft while it is turning may vary as much as 40% or more 
in strength due both to the change in area exposed to the radar illumination and to 
the varying angles of incidence upon the exposed surfaces. The position of the pro- 
peller blades relative to the radar pulse is surprisingly potent in the overall reflection. 
Apparently, a phase relation exists between the rpm of the propeller and the pulse 
repetition rate (art. 1203). This effect is most noticeable in the plane of rotation of 
the propeller. It probably accounts for the rhythmic pulsing of a television screen as 
a propeller-driven aircraft passes overhead. 

Compound targets, although more complicated and varied, present a more stable 
screen image because of the large number of individual reflectors illuminated. Most 
of the images normally seen on an airborne PPI are from such compound targets as 
vegetation, ground irregularities, waves, rain, etc. They are of primary interest to a 
navigator, and their interpretation and evaluation depend greatly upon his skill and 
experience. 

The principal problem in scope interpretation is finding the meaning of contrasts 
in brightness. This comes ahead of the purely navigational problems because a par- 
ticular feature must be identified before it becomes useful. One of the most important 
contrasts is that between smooth and rough surfaces. An oblique smooth surface 
reflects the radar energy away from the transmitter like a mirror, instead of scattering 
it. Hence a PPI scope is dark for most smooth areas. If the terrain is rough, the 
radar energy is scattered in many directions, some of it returning to the receiver. In 
general, the rougher the surface, the brighter the image. Thus, it is possible to distin- 
guish by image contrast between smooth ice (dark) and rough ice (light), and open 
water (dark) and pack ice (light). (See fig. 1211b and 1211c.) 
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Figure 1211b.—Rough and smooth ice. 
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FiagureE 1211c.—Open water and pack ice. 


328 RADAR 


The contrast between water and land is very sharp, so that the configurations of 
coasts and lakes are seen with maplike clarity. A coastal area is particularly rich in 
navigational detail, especially if there are offlying islands (fig. 1211d). Rivers with 
bridges are easily recognized (fig. 1211e). 
Even the difference in roughness between 
an airport runway and the surrounding 
grass areas may be sufficient to cause dis- 
cernible contrast on a PPI (fig. 1211f). 

The degree of brightness contrast re- 
sulting from a given difference in roughness 
depends greatly upon the wave length of 
the radar energy, which is not ordinarily 
controllable by an air navigator. For a 
given degree of screen contrast, the required 
wave length is inversely proportional to 
the difference in roughness. Thus, to dis- 
tinguish between grass and runway re- 
quires a shorter wave length than between 
yrass and forest. If two radars of diff- 
| ering wave length are available, to resolve 

FiaureE 1211d.—A coastal area. a flat screen image lacking detail, the radar 
having the shorter wave length is superior. 

Large surface irregularities, as mountain ranges and valleys, are clearly discernible, 
appearing on the screen much like a relief map, except that the illumination is apparently 
from the center of the screen instead of, by convention, portrayed as coming from the 
northwest as on a map (fig. 1211g). Radar shadows of mountains appeur as dark 
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FicurE 121le.—River with bridge. 
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Figure 1211f.—Airport runway. 
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Fiagure 1211g.— Mountainous area. 
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areas. If the aircraft is so situated with respect to the mountain that both front and 
rear slopes are illuminated, the nearer slope appears brighter because the radar beam 
is more nearly perpendicular to it. The same is true of railroad embankments, etc., 
while the far side of a depression, such as a river bank, appears brighter, for the same 
reason. Frequently, the angles of incidence on the surfaces of a large building or 
group of buildings provide enough contrast to permit differentiation from the sur- 
rounding terrain. Thus, cities appear as bright areas whose outlines correspond to the 
areas containing the larger buildings. Adjacent water areas, as lakes and reservoirs, 
are helpful in identifying cities. 

Much can be learned about the character of the atmosphere by observing the 
echoes from precipitation with a short wave length radar. In stable air, characterized 
by light, steady precipitation, the echoes tend to be thin with poorly defined edges. The 
showers and storms accompanying unstable air give echoes which are denser with 
sharply defined edges. See figures 1211h and 12111. 





U.S. Army Signal Corps Engineering Laboratories 


FicurReE 1211h.—Precipitation; light rain. 


For radars of wave length less than about 7 cm, the echo pattern of rainfall tends 
to become distorted so that the apparent position of maximum rainfall is displaced 
toward the radar. This effect. decreases with increasing range, and is negligible it the 
range to the storm areca is much more than the depth of the area. 

A modern RHI clearly shows the structure of nearby ‘‘weather,”’ as shown in figure 
1211j, where an indication of icing conditions is given by the horizontal band. A 
vertical cross section through the precipitation cells of a thunderstorm is shown in 
figure 1211k, while figure 1211m reveals the vertical wind pattern by the distortion of 
the precipitation cells. 
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Figure 1211i.—Precipitation; storm. 
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FiGurRE 1211j.—Indication of icing conditions, 
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while the far side of a depression, such as a river bank, appears brighter, for the same 
reason. Frequently, the angles of incidence on the surfaces of a large building or 
group of buildings provide enough contrast to permit differentiation from the sur- 
rounding terrain. Thus, cities appear as bright areas whose outlines correspond to the 
areas containing the larger buildings. Adjacent water areas, as lakes and reservoirs, 
are helpful in identifying cities. 

Much can be learned about the character of the atmosphere by observing the 
echoes from precipitation with a short wave length radar. In stable air, characterized 
by light, steady precipitation, the echoes tend to be thin with poorly defined edges. The 
showers and storms accompanying unstable air give echoes which are denser with 
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FicureE 1211h.—Precipitation; light rain. 


For radars of wave length less than about 7 cm, the echo pattern of rainfall tends 
to become distorted so that the apparent position of maximum rainfall is displaced 
toward the radar. This effect decreases with increasing range, and is negligible if the 
range to the storm area is much more than the depth of the area. 

A modern RHI clearly shows the structure of nearby ‘‘weather,’’ as shown in figure 
1211j, where an indication of icing conditions is given by the horizontal band. A 
vertical cross section through the precipitation cells of a thunderstorm is shown In 
figure 1211k, while figure 1211m reveals the vertical wind pattern by the distortion of 
the precipitation cells. 
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Figure 1211i.—Precipitation; storm. 
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Figure 1211j.—Indication of icing conditions. 
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Figure 1211k.—Precipitation cells. 
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FicureE 1211m.—Wind patterns revealed by distortion of precipitation cells. 
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1212. Radar beacons.—Most radiobeacons are fixed navigational aids which 
transmit radio signals either continuously or on predetermined time schedules, their 
signals being picked up by any properly tuned receiver operating within range. A 
type of radiobeacon called a racon or aeronautical radar beacon, however, consists of 
a transponder, a device which is inoperative until interrogated or triggered into action 
by a suitable signal from another radar transmitter. It then transmits its own signal, 
which appears on the screen of the interrogating radar in the same manner as a radar 
echo, but much stronger. The transponder was developed by the British during the 
threatened invasion of the British Isles in World War II, to assist the hard-pressed 
RAF in distinguishing between friendly and enemy 4@ircraft. The device, installed in 
RAF planes, was called Identification Friend or Foe (IFF). The word “beacon’’ is 
sometimes used in connection with airborne transponder installations. This is a 
common but somewhat inappropriate corruption of its customary meaning as a fixed 
navigational aid, and is better avoided. 

Although the signal from a radar transponder is similar to that of a standard 
radar echo, several significant differences exist. First, very little power is needed 
by a transponder to provide a response greatly in excess of a normal echo. Second, 
the reply of the transponder is generally at a different frequency than the interrogation, 
which is normally at the standard radar frequency of the interrogator. Use of a 
different reply frequency means that the receiver of the interrogator must be shifted 
to a different frequency, for ‘‘beacon’’ operation, but the very great advantage results 
that the response signals appear on a clear screen, the normal echoes having been 
eliminated. 

Racons operate in two radar bands, 3-cm (X) and 10-cm (S), to accommodate 
different types of radar equipment. AN/CPN-6 (3-cm band) receives any signal 
between 9,320 mc and 9,430 mc, and transmits on 9,310 mconly. AN/CPN-8 (10 cm 
band) receives on a band between 3,267 mc and 3,333 mc, and transmits on 3,256 mc. 
On radars designed for beacon operation, tuning of the receiver is accomplished auto- 
matically when a control switch is turned to “BEACON.” 

Since the receiver of a racon accepts signals within the band of frequencies utilized 
for searching by airborne radars, the racon might become overloaded in congested 
areas unless special provisions, known as over-interrogation control, are made. Racons 
within the United States contain a discriminator which rejects all interrogation pulses 
having a pulse width less than 2 ms or more than 5 ms. For beacon operation, the 
pulse width of the airborne transmitter is automatically set within these limits when 
the controls are switched to “BEACON.” Another type of over-interrogation control, 
known as a blanking gate, prevents the racon from replying to more than one signal 
at a time and blocks any tendency to answer its own signal or one from another racon, 
a process called ring around. Upon acceptance of a proper signal by the discriminator, 
the blanking gate blocks receipt of any further signals for a period of 175 to 180 
ms. Thus, the maximum duty cycle (art. 1203) is approximately 0.002. A further 
consideration which limits the load on a particular racon is the scanning speed ot the 
interrogator. A racon is triggered only by those pulses sent in its direction as the 
interrogating beam sweeps by. Similarly, if two aircraft, A and B, are interrogating 
the same beacon, the response to A’s signal will not ordinarily appear on B’s screen 
unless by chance B’s antenna is directed toward the beacon. If both A and B are 
searchlighting on the beacon, responses to both signals appear on both screens, but 
only the reply to its own interrogation is stable in range. The replies from others, 
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which are unstable in range, are called unsynchronized replies. Such replies from a 
nearby beacon may interfere with synchronized replies from more distant beacons on 
the same bearing, although it is unusual for a stable image to be totally obscured. 

The third difference between a radio and a radar beacon is that replies from a 
radar transponder are usually coded for identification. Thus, the characteristic reply 
gives instantaneous information as to the identity of the interrogated station as in 
IFF and racons. The replies of various transponders can be varied on one or all of 
the following parameters: 


(1) Frequency. (4) Pulse shape. 
(2) Number of pulses. (5) Pulse amplitude. 
(3) Pulse width. (6) Pulse separation. 


Variations in these characteristics provide a large number of possible codes, which may 
be used for various purposes. In air traffic control, a small airborne transponder 
may be coded to give aircraft identity and altitude which enables an air traffic controller 
on the ground to adjust his radar to accept replies only from those aircraft at a given 
altitude, and thus monitor both vertical and horizontal separation of aircraft in his 
control area. Reply-coding also permits the remote recording of instantaneous tem- 
perature, pressure, and other data by sounding rockets and balloons. 

Probably the most common use of reply-coding by an air navigator is the identi- 
fication of racon stations. These generate a characteristic identifying signal which 
appears on the radar screen as several groups of short, bright lines, as in figure 1212a. 





Figure 1212a.—Radar beacon presentation. 
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Each group consists of one 0.5 ms pip, or up to three such pips separated by 15 ms spaces. 
Groups are separated by a space 35 ms long. In the United States the total pips in 
a racon signal is never less than 2 nor more than 6. In allocating racon codes, an at- 
tempt is made, sometimes unsuccessfully, to assign those which have mnemonic value. 
Thus, the code 1—2—2-1 for the racon at NAS Patuxent can be read as the letter ‘‘P’’ 
in international Morse code if one pip is counted a dot and two a dash. A group of 
three or more pips does not fit this system, and in addition the Morse letters E, M, O, 
and T are omitted wherever possible. Referring to figure 1212a, the bearing of the 
racon station (030°) is measured to the center of the line of pips, and the range of dis- 
tant stations is normally measured to the innermost pip. Because of the time delay 
within the racon station itself, the indicated range should be decreased by approximately 
0.5 mile, a significant factor at short range. 

The locations and code identifications of all racon stations are given in Radio 
Facility Charts, a page of which is shown in figure 1212b. 

Racon signals, like any other electromagnetic radiations, are influenced by terrain 
and weather conditions. On a smooth earth, the theoretical range (R) is R= 
1.23(Vhy+ Vh2) where h; and hy are the antenna elevation of the racon and interrogator. 
The actual range at a given altitude is frequently less than the theoretical range, due 
to terrain obstruction. Thus, in figure 1212c, in which the relationships are greatly 
exaggerated, a mountain lies near the station. An aircraft flying toward the station 
would not receive the beacon signa] until nearly over the mountain. At a higher 
altitude on the same bearing the signal would be received at a greater range. In 
addition, radio (radar) waves are affected by atmospheric conditions, particularly 
by temperature inversions. Consequently, at an aircraft flying above such an in- 
version, racon signals may be faint, erratic, or missing. (See fig. 1212c.) 

Somewhat similar to racon is aradar beacon known as ramark. This device, pri- 
marily an aid to marine navigation, is still experimental, but its indications are some- 
times seen on an airborne PPI near the coast of Great Britain. Some experimental 
work has also been done in the United States. 
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Figure 1212c.—Range of racon reception depends upon altitude and terrain. 
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A transmitter at a known geographic position transmits radar signals continuously 
at a frequency in the 10cm or 3cm band. If the antenna of a radar receiver is trained 
toward the transmitter, the pulses appear as a bright radial line on the PPI scope at 
the appropriate bearing. No indication of range is provided. Some ramark signals 
are superimposed upon the normal echoes whose characteristic configuration provides 
a possible means for identifying the particular ramark station. A modification of this 
method provides a separate “beacon frequency” for the reception of ramark signals. 
In this case, the signal is coded for identification and appears on the scope without 
other target echoes as with racon signals. 

In normal radar operation the radar receiver is tuned to the frequency of its as- 
sociated transmitter. The radar frequency band (9320 to 9500 mc) is sufficiently wide 
to accommodate several different transmitting frequencies. Consequently, in order 
for ramark signals to be received by all mobile receivers within the band, the ramark 
transmitters require a band width of 180 mc. This is greatly in excess of the 30 mc 
capabilities of present equipment. The difficulty is overcome in some installations by 
providing six transmitters of low power to cover the band. 

As already stated, the ramark system is still experimental but, if the signals are 
seen either on the search PPI scope or the beacon band (9310 mc), bearings can be 
utilized with caution if the station location can be identified. 

1213. Shoran.—The inherent accuracy of radar ranging is utilized in a short-range 
navigation system known as shoran, which is used in bombing control; geodetic 
surveys and aerial photographic mapping; measurement of the flight of sounding 
balloons, rockets, and missiles; and in other situations requiring very accurate measure- 
ment of distances. The shoran system is essentially an airborne radar which ranges 
alternately on two transponders at known positions on the ground, as in ordinary bea- 
con operation, except that shoran equipment is specially designed for precision opera- 
tion. For most accurate results, various corrections are applied to the measurements. 

Shoran was developed during World War II to permit accurate bombing under 
instrument conditions. For this purpose, two transponders, known respectively as the 
drift station and the rate station, are established on the ground at known geographical 
positions, and the distances from each to the bomb release point for the selected target 
are computed. This, in effect, establishes two circles of position whose intersection is 
at the release point (fig. 1213a). The 
bombing aircraft sets these shoran read- debe a 
ings on its indicators and flies along the 
drift circle, altering heading left or right 
as necessary to maintain its distance 
from the drift station. Upon intercep- 
tion of the rate circle, it is at the pre- 5OM® RELEASE PT. 
determined bomb release point. The 
accuracy of shoran bombing at night or 
above an undercast approaches that of 
visual methods. 

The theoretical range (R) of shoran 
signals is limited to the approximate vis- re 
ual range as given by the range formula SA 
R=C (vhit+-+yh), where R is in statute Baier TATION 
miles, h; and hz are the heights in feet of F1iGuRE 1213a.—Bombing by shoran. 
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the aircraft and transponder, and C is a constant the exact value of which depends 
somewhat upon atmospheric conditions. It is probable that C=1.87 will produce an 
estimated maximum range equaling or exceeding that attainable under average condi- 
tions. Distances have been measured which are commensurate with a value C=2.35 
or more. Airborne shoran can be used to measure distances up to 350 miles under 
normal conditions. Under optimum conditions, a distance of 500 miles has been measured. 

A typical operating sequence is illustrated in figure 1213b. A train of pulses 
having a pulse width of 0.5 ms and a frequency of 230 me (the receiving frequency of 


0.5 MS Pulses 0.5 MS Pulses 0.5 MS Pulses 
1/40 2/40 3/40 4/40 5/40 


TIME IN SECONDS 


Drift Station receives at 230 mc. Rate Station receives at 250 mc. Both stations reply at 310 me, 


Figure 1213b.—Shoran operating sequence. 


one of the transponders) is transmitted for %o-second (25,000 ms), followed by a 
resting period of the same length. A second train of 0.5 ms pulses at 250 mc (the 
receiving frequency of the other transponder) is then transmitted for Mo-second, fol- 
lowed by another rest of equal length. This sequence repeats ten times per second, 
hence the duty cycle (art. 1203) is 0.0002. Both transponders reply on the same fre- 
quency (310 mc), but because only one of them is being interrogated at a time, there is 
no ambiguity as to identity. The echo of each pulse in a train is received from maxi- 
mum range before the next pulse is transmitted. 

Shoran stations are generally calibrated in statute miles for surveying purposes. 
Therefore, if the speed of signal propagation is approximately 186,218 statute miles per 
second, one-half of this speed, 93,109 miles per second is numerically equal to the range 
of a target to which a signal will travel and return in 1 second. The shoran pulse 
repetition rate (PRR) is 931.09 pulses per second on both frequencies. Consequently, 
neglecting instrumental and other delays, at a distance of 100 miles from a shoran 
transponder, the beginning of an echo from one pulse coincides with beginning of trans- 
mission of the next succeeding pulse. When displayed upon a radar screen (usually a 
J-type), alignment of the leading edges of the pulse pips permits measurement of the 
distance. Marker pips generated at repetition rates of 9,310.9 pps and 93,109 pps are 
applied to the measurement of ranges of 10 miles and 1 mile respectively. Shoran dis- 
tances can be read to an accuracy of about one one-hundredth of a statute mile (52.8 
feet). The principal systematic errors in shoran distance measurements consist of (1) 
electrical delays, (2) errors in the assumed speed and path curvature of radio energy 
under the existing atmospheric conditions, (3) errors due to the change in the size and 
shape of pulses at long ranges, (4) errors in the measured elevations of the transponders 
and aircraft, (5) errors in adjusting and calibrating the equipment and recording the 
results, and (6) a small, nearly constant, systematic error known as K-factor. It is 
unlikely that all of these errors accumulate to more than 1 part in 25,000 (5.28 feet at 
25 miles). However, since (1), (5), and (6) are approximately the same at any dis- 
tance, and since the effect of (4) decreases with distance, the relative accuracy increases 
with distance. 
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One application of shoran to surveying is illustrated in figure 1213c. Suppose the 
position of points A and B and the distance between them are known, and that it is 
desired to find the position of point C 
relative to A and B. This can be done 
by triangulation (measuring angles A and 
B) or by trilateration (measuring the dis- 
tance from both A and 8B), and solving the 
triangle. For short distances within visi- 
ble range these methods are feasible, but 
running a traverse (measurement along 
the ground) over difficult terrain is time 
consuming, and is impossible if C is on 
an island. By means of high-precision 4 BASELINE : 
airborne shoran, using numerous readings Fig re 1213¢.—Surveying by shoran. 
and the best methods, distances of 250 
miles (a line length of 500 miles) can be measured with an uncertainty of less 
than 100 feet. 

A shoran transmitter is installed in an aircraft, and transponders are located at 
points Cand A. The aircraft flies in both directions across the approximate mid-point 
of the line joining the transponders, keeping a continuous record of simultaneous dis- 
tances to each transponder. Present equipment is calibrated for a speed of propaga- 
tion of 186,218 mi./sec. However, the speed of propagation of a shoran signal has 
recently been determined to be nearer 186,230 statute miles per second. Consequently, 
unless shoran equipment is recalibrated to the new speed a small correction factor is 
applied. 

These two simultaneous distances are then added and the least sum is the length 
of the line AC, after certain corrections have been applied. Several flights across the 
line are made in alternate directions. The line BC is then measured in a similar manner. 
The position of C is then determined by trilateration. Increased accuracy can be 
obtained by placing a transponder at some fourth point, as at D in figure 1213c, and 
obtaining lengths of all sides of the resulting four triangles. Inconsistencies can be 
apportioned between the sides, and the distances thus adjusted to their most probable 
values. By this method, with average equipment, the accuracy of the adjusted shoran 
distances is of the order of 1 part in 25,000. With specially designed precision equip- 
ment, called hiran, and additional check points, first order accuracy has been obtained. 
This means that the final discrepancy of the system of lines is less than 1:25,000. To 
achieve this, the individual lines must be measured to an accuracy of 1 part in 90,000 
to 100,000 measured parts. For comparison, the final error in a second order survey 
is 1:10,000 and for a third order survey is 1:5,000. First order accuracy is required 
for the control of a primary geodetic survey net, such as that of the continental United 
States. Extension of this net, as to an island in the West Indies, entails first order 
accuracy. 

1214. Radar navigation is similar to visual navigation. On a flight over terrain 
having a number of prominent features, it may be sufficient to keep a continuous check 
on position by identifying a succession of features as they are passed. However, it 
is important that this be a continuous process, for as soon as uncertainty in position 
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arises, it is generally unsafe to attempt to continue the method until a definite, reliable 
position is obtained. The keeping of a good dead reckoning increases the reliability 
of target identification, and provides the basis for position determination if the sequence 
is lost. 

If identifiable images are present on a radar scope, the position of the aircraft 
can be determined by measurement of bearing and distance of a single target, bearings 
of two or more targets, or ranges of two or more targets. For completely accurate 
results the readings should be made simultaneously. Since radar ranges are generally 
more accurate than radar bearings, the third alternative is most reliable. If three or 
more bearing lines or range arcs do not cross at a point, the center of the figure is taken, 
unless information is available for evaluating the various lines. If none of the target 
images are recognized, but a reasonably good DR position is available, satisfactory 
results can sometimes be obtained as follows: record the bearings and ranges of as 
many prominent targets as possible within a period of approximately one minute. 
Plot the first of these from the DR position, and search the area for a target which 
could have returned such a signal. With compasses sect at the measured range, strike 
an are centered on the possible target. Repeat this procedure for the other targets. 
Confidence in the position 1s somewhat proportional to the consistency of the results. 
Inconsistent lines are rejected, or their sources reconsidered. This procedure is 
particularly useful when making a landfall on an unfamiliar coast. A variation which 
sometimes reduces the time of solution is to plot all bearings and ranges from a single 
point, advanced as necessary for high speeds, on a piece of transparent paper or plastic, 
using the scale of the chart and indicating the direction of true north, and by trial and 
error fitting the plot to the chart. 

When a PPI is used for radar navigation, particular attention should be given to 
the adjustment of the focus, gain, and intensity controls. Sharply focused images 
are essential to reliable interpretation. The gain control, usually located on the 
control panel, varices the amount of amplification applied to the echo before the signal 
energy enters the cathode ray tube circuits in the indicator. The intensity control, 
usually located on the indicator, controls the electron beam within the cathode ray 
tube. With low gain only the strongest signals appear on the screen even if the in- 
tensity control is set at maximum. With high gain the weaker signals are forced onto 
the screen but so also is clutter, precipitation static, noise, and other unwanted signals. 
The result is a flat image, lacking the gradations of shading which are so useful in 
interpreting the presentation. With this type of “picture,”’ no setting of the intensity 
control is effective in producing the desired resolution. For selective image presenta- 
tion from strong radar targets, gain should be reduced so that weaker signals disappear. 

Often, when making a landfall, strong signals can be expected from features along 
the shore line. When this is the case, the configuration of the shore is best seen by 
reducing gain to eliminate all but the strong signals. Similarly, bodies of inland water 
can frequently be distinguished at a very low gain setting. To observe targets of 
smaller radar cross sections, gain must, of course, be increased. However, for any 
gun setting, the intensity should be reduced until significant signals just begin to 
disappear from the screen under the existing light conditions, and then increased 
slightly. If a shield is fitted to the PPI to exclude extrancous light, intensity can be 
greatly reduced with a noticeable improvement in contrast. flaximum information 
is obtained when both gain and intensity controls are carefully adjusted for changes in 
the terrain observed and the random illumination falling on the screen. It should be 
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remembered that the changing characteristics of each image on the screen give clues 
to the nature of the target. 

1215. Drift determination by radar is accomplished by any of several methods. 
The radar fix method is similar to ordinary drift determination between fixes obtained 
by any other means. The angular difference between the heading and the track be- 
tween two fixes is the drift, and the time between fixes is a measure of ground speed. 
(See arts. 611 and 612.) 

Another way of determining drift and ground speed is by the cursor method. 
A template fitted over the PPI, and carrying a grid having the same scale as the screen, 
is adjusted until a prominent image moves along one of the (vertical) drift lines. The 
angle between the drift lines on the grid and the zero reference (the heading) of the scope 
is the drift. Ground speed is found by timing the image as it crosses the (horizontal) 
speed lines. This is similar to drift and ground speed measurement by an optical 
driftmeter, described in articles 607 and 608. 

Drift, ground speed, and wind can be determined by a series of ranges and bearings 
on a single radar target, as explained in article 606, example 5. This is called target 
timing. A modification of this method consists of plotting the ranges and bearings on a 
plotting board or polar coordinate paper, such as the maneuvering board (H. O. 2665a) 
shown in figure 1215a for the same data. If relative bearings are used for plotting, 
the reciprocal direction of the line of plotted points 1s the direction of the track relative 
to the heading, that is, the drift. The distance between any two points on the line, 
divided by the corresponding time interval, is the ground speed. Thus, in the figure, 
drift is 12° right, and the distance covered between 1806 and 1818% (12% min.) is 39 
miles, from which GS is 188K. If true bearings are used for plotting, the reciprocal 
direction of the line of plotted bearings is the track. The difference between this 
direction and the heading is the drift. 

If the bearings at which the target pip crosses the same range marker on the PPI 
are noted, the drift and track can be obtained without plotting, since the mean of these 
two bearings is perpendicular to the relative track. The bearings at which the 15-mile 
marker is crossed are indicated in figure 1215a. Since the mean bearing is 102° 


re) ° 
Gane am Bs ), the relative track direction (drift) is 102°—90°=12° right. Applying 


drift to TH 042° gives track 054°. The distance between crossings (17% mi.) divided 
by the corresponding time (5% min.) gives GS 188K, as before. Knowing TH (042°), 
TAS (210K), drift (12°R), and GS (188K), wind (346°/48K) is found by the method 
of article 605, example 4, or article 606, example 4. 

Although the computation is based upon the two bearings at which a single range 
marker is crossed, other bearings and ranges, especially near the time of crossing, are 
recorded to provide a check and for use if the target pip should be lost before the second 
crossing. A convenient computation form is shown in figure 1215a. 

For accurate results, readings and plotting should be done carefully. Less accurate 
results should be expected by this method if the data are taken from a PPI rather than 
from a bombing or other specialized radar. In any case, particular attention should 
be given to the selection of the radar target to be used during the timing run, and to the 
time and distance required for the target pip to move across a chord of the range marker. 
The target should be well defined and one whose radar echo will remain constant as its 
aspect changes in passing. In general, it is good practice to select a target which will 
not pass close to the center of a PPI, because of the danger of losing it in the clutter. 


342 RADAR 





oa “ 4 _ : ae me : : eee Z 
Pe OBSERVATIONS. ee ee es 


“OM Relative 
oy ¢, Range “Bearing - Time | . 


, Decree 1O22igisr0545.05) 1806, wr Bes 2 2 ve 
cn Disineste 1S shits: 066........ 1807% ; ee oe ae 


= °., a < TIME a * e a a ~° : , A a a om 
= : coe a Start... .../1807% « . AG ao 


TAS. ge 20006210. 5 


ee eee Le Rigading scat QOS a 
‘Last Reading........ 38°. 
° : : Total. - 204° 2 — 


270 





ey 





FicureE 1215a.—Ranges and bearings plotted on maneuvering board. 


Time can be taken with a stop watch. The points of crossing the range marker, from 
which bearings are taken and distances measured, can be marked with grease pencil 
on the scope, being careful to allow for parallax, the width of the range marker, and the 
configuration of the pip. Accurate results from radar equipment require correction 
for the use of slant range instead of ground range, and for the effects of atmospheric 
refraction which tends to cause the chord to plot as a curve convex toward the center 
of the scope instead of as a straight line. 
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Doppler radar is the basis for several self-contained systems which automatically 
compute drift and groundspeed. The Doppler systems may be considered electronic 
driftmeters. 

The Doppler effect was discovered by Christian Johann Doppler in 1842. This 
effect, stated simply, is an apparent change in frequency of radiant energy when there 
is relative motion between the transmitter and receiver. The Doppler effect applies 
to all wave motion including electromagnetic, light, and sound. The effect on sound 
waves can be observed by listening to the whistle of a passing train. As the train 
approaches, its whistle as heard by a stationary observer has a fairly steady pitch, that 
is, higher than the true pitch. As the train passes, the pitch drops quickly to a frequency 
below the true pitch and remains at approximately the lower value as the train moves 
away from the observer. 

By using the Doppler principle in an airborne application the speed of aircraft 
over the ground can be measured. However, audio frequencies are not practical in 
this application for a number of obvious reasons. What is needed is a silent medium 
whose speed of propagation is quite fast. Radio frequencies are ideal. The develop- 
ment of electronics has reached the stage where it is now possible to measure time and 
frequency change to high degrees of precision. 

Using radio frequency instead of audio does not change Doppler’s basic formula 


Af = cf , Where: 


Af equals the change in frequency 

vis the velocity of the carrying vehicle (aircraft) 

cis equal to the speed of sound 

f, is equal to the transmitted frequency 

This formula concerns itself with the frequency change caused by a moving source 
as noted by a stationary observer. If the observer were to approach the source at the 
Same speed as the source was moving toward the observer, the rate of closure would be 
doubled and Af would double. To determine the change in frequency in this case, the 
basic formula must be modified into: 


Cc 


In an airborne installation, the transmitter and receiver are located in the same 
aircraft; therefore, the above modification of Doppler’s formula is used. 

The angle at which the radio beam is to be propagated must be determined. 
Since horizontal speed is desired the beam should be directed horizontally. However, 
this is impractical because there would be no reflection of energy. The solution lies 
in directing the energy at some known angle gamma (y) from the horizontal. The 
velocity measured along this line of sight is multiplied by the cosine of gamma (7) to 
obtain the horizontal component. The modified formula which must be instrumented 
in the computer is now: 


Af—2"f + COS Y 


Note in figure 1215b that energy is directed toward the ground at a fixed angle 
(gamma). Since the aircraft is moving at a velocity (v) along the line (v,), the re- 
flected beam will reach point B sooner than if the aircraft was stationary at point A. 

There are only two variables in the modified formula above, the change in frequency 
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FIGURE 1215b.—Reflected energy is shifted in frequency. 


(Af) and the speed of the aircraft (v). Consequently the velocity vector (v) of the 
aircraft is directly related to the change in frequency (Af). 

The principle of determining the drift angle with the present Dopplers is to mount 
either two fixed or rotatable antennas under the aircraft, directed downward at an 
angle gamma. In the fixed system, the difference in amplitude and frequency of the 
returned signals received at each antenna are converted to electrical values which 
position an indicator needle to measure drift. The movable system measures the 
angular rotation of the antennas to a point where the signals received have the same 
frequency. 

The Doppler effect is utilized also in the moving target indicator (MTI), in which 
only those targets which are in motion are shown on the screen. If the target is in 
motion, the frequency of its particular echo is different from that of an adjacent sta- 
tionary target. Consequently, the echoes from stationary targets can be subtracted 
or filtered out so that the only images appearing on the screen are those of moving 
targets. This enables moving objects, as other aircraft in flight, to be seen against 
ground clutter and noise. 

In article 707 it was stated that dead reckoning is the basic method of navigation. 
Any information obtained by visual, electronic, or celestial means assists dead reckoning 
but does not supplant it. The clarity and wealth of detail frequently available with 
modern radar makes it easy to forget that track and ground speed are the fundamental 
elements to which all navigational information from whatever source is reduced. The 
principal value of a fix resulting from celestial observations, radar measurements, or 
other means, is to help determine direction and speed of motion. ‘Thus, radar is 
primarily an aid to dead reckoning. 


CHAPTER XIII 


HYPERBOLIC NAVIGATION SYSTEMS 
General 


1301. Introduction.—A hyperbola is an open curve with two parts, all points of 
which have a constant difference in distance from two fixed points called foci. <A 
hyperbolic navigation system is one providing means for determining such difference 
in distance. In its usual form such a system consists of two synchronized transmitters 
at known points. Since the navigator is concerned only with the difference in distance, 
rather than actual distance from the known point (as in radar), no transmission is 
needed from the mobile station. Airborne equipment consists merely of receiving 
equipment and some method of measuring the difference in reception time of the two 
signals. 

Hyperbolic lines of position established from such a system are hyperbolas (approx- 
imately, on the spheroidal surface of the earth) which are located by means of charts 
or tables provided for the purpose. 

The shorter arc of the great circle through the fixed transmitters is called the 
base line. Hyperbolic systems are generally classed as long-, medium-, or short-base- 
line. A long-base-line system such as loran (arts. 1302-1316) provides suitable cover- 
age at long ranges from the transmitters. A medium-base-line system such as Decca 
(art. 1318) provides a better pattern of position lines within a few hundred miles from 
the station, but is unsuitable at loran ranges. A short-base-line system such as consol 
(art. 1321) has such a short base line that beyond a few miles from the transmitters 
the lines of position are virtually great circles. Such a system may be considered 
directional, rather than hyperbolic. 

Loran 


1302. General.—Loran is a system of electronic navigation developed during World 
War II. The name is derived from the words long range navigation, an appropriate 
description of the system. It provides hyperbolic lines of position on and over the 
oceans, to distances of approximately 700 nautical miles from the transmitting stations 
by day, and approximately 1,400 nautical miles at night. 

The relatively long range of loran is made possible by employing medium fre- 
quency radio waves between 1,800 and 2,000 kc, just above the standard broadcast 
band used in the United States. At these frequencies radio waves are capable of 
following the curvature of the earth. 

Loran lines of position can be crossed with each other, or with lines of position 
determined by any other means, to provide fixes. Unlike celestial lines of position, 
loran lines are stationary with respect to the earth’s surface. Their determination is 
not dependent upon compass or chronometer, and it is not necessary to break radio 
silence to obtain them. It is possible to receive loran signals in all weather, except 
during very severe electrical disturbances. Observations can be made and a loran 

345 


346 HYPERBOLIC NAVIGATION SYSTEMS 


fix plotted in two to three minutes under good conditions. The accuracy of a loran 
fix is generally equal to or greater than that obtained from celestial observations in the 
air. 

1303. Principles of operation.—Since the speed of radio waves is virtually con- 
stant, and quite accurately known, the time needed for a signal to travel a given dis- 
tance can be determined with considerable accuracy. Conversely, the measurement 
of the time needed for a radio signal to travel between two points provides a measure 
of the distance between them. 


LINE 
a 

A? 
% 


BASE 
“~ 


Figure 1303.—Loran hyperbolas. 


All points having the same difference in distance from two stationary points, called 
foci (plural of focus) lie along an open curve called a hyperbola. Actually, there are 
two curves or parts to each hyperbola, as shown in figure 1303, each representing the 
same time difference, but with the distances interchanged. Thus, the difference in the 
distances from the two stations is the same at points P,, Ps, P3:, and P.. 

The loran system consists of a series of synchronized pairs of radio transmitting 
stations which broadcast pulsed signals similar to those used in radar (art. 1203), with 
&@ constant time interval between them. These transmitting stations are the foci. 
The mobile station, a ship or aircraft, has a combination radio receiver and time-dif- 
ference measuring device. The measurements made by this equipment are used for 
entering special tables or charts to identify the hyperbola on which the receiver is 
located. Because of the spheroidal shape of the earth, these lines differ shghtly from 
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true hyperbolas. This difference is considered in the computations upon which the 
loran tables and charts are based, but is generally ignored in a discussion of those 
aspects of the system in which it is not significant. 

Loran determines the difference in distance by measuring tae time interval, in 
microseconds (ms), between arrival of the first signal, and arrival of the second signal 
from a pair of synchronized transmitters. One of the two transmitters constituting a 
pair, or rate, is designated the master (M), and the other the slave (S). The direct line 
joining these two is called the base line. The continuations of this line beyond the 
transmitters are called base line extensions. The perpendicular bisector of the base 
line is called the center line. 

1304. Delays.—If both signals were transmitted at the same instant, they would 
arrive together at any point along the center line. At any point nearer the master 
station, the master signal would arrive first, and at any point nearer the slave station, 
the slave signal would arrive first. Since both signals are alike, this arrangement 
would be unsatisfactory, as it would include an ambiguity that could be resolved only 
by knowing the approximate position of the receiver. Near the center line, reasonable 
doubt might exist as to which line to use. This ambiguity is eliminated by delaying 
transmission of the slave signal until the master signal arrives at the slave station. 
This also provides a means of synchronizing the signals, for the master signal is used to 
trigger the slave station. Radio waves travel at about 299,708 km/sec. (the speed of 
light, 299,792 km/sec. minus group retardation 84 km/sec.). Since this is equal to 
161,829 nautical miles per second, the distance traveled in 1 microsecond is 0.162 
nautical mile per microsecond; or 6.18 microseconds are needed for them to travel 
1 mile. Hence, the length of this delay is the time needed for the signal to travel the 
length of the base line, or in microseconds, 6.18 times the length of the base line, in 
nautical miles. Thus, it varies from pair to pair of stations. It is called base line 
delay. 

With base line delay in use, the master station would transmit a signal first. This 
signal would travel outward in all directions. When this expanding wave front arrived 
at the slave station, the second signal would be transmitted. Along the base tine ex- 
tension beyond the slave station the signals would travel together, and the difference 
reading would be zero. By the time the slave signal arrived at the master station, the 
master signal would be a distance away equal to twice the length of the base line. 
Along the base line extension beyond the master station, the difference would be 
twice the base line delay. This would be the maximum time difference reading that 
could be obtained anywhere in the pattern. Along the center line the reading would 
be the base line delay. 

In the cathode ray tube of the receiver-indicator (fig. 1308a), loran signals appear 
as pips on a time base (art. 1204). Measurement of the time interval between the twe 
signals is made easier by dividing this time base into two halves, and putting the secona 
half under the first. (See fig. 1308c.) The upper part is known as the A trace, anu 
the lower part as the B trace. Measurement is then made as if the beginning of each 
trace represented the same instant. This does not introduce an error in the reading 
because a second delay, called half pulse repetition rate delay is introduced at the slave 
station. (See fig. 1304a.) That is, transmission of the slave signal does not occur at 
the instant the master signal arrives, but at a later time, the wait being just half the 
interval between arrival of the triggering master signal, and the next one. Hence, the 
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half pulse repetition rate does not change the reading, which still varies from 0 along 
the base line extension beyond the slave station to twice the base line delay along the 
base line extension beyond the master station. It does ensure the slave signal being 
always on the B trace when the master signal is near the beginning of the A trace, so 
that time difference is the distance of each signal from the start (or other fixed point) 
of its trace. 

With this arrangement, however, small time differences would result in one signal 
being so nearly above the other that the identity of each signal would not be apparent 
until the measurement were completed, or nearly so. To avoid this, a third delay 1s 
introduced. This is called the coding delay (fig. 13048), and is arbitrarily set at either 
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500 ms, 950 ms, or 1000 ms, depending upon the particular rate. The effect of this 
delay is to increase all time difference readings by the amount of the delay. The time 
difference between the starts of the master and slave signals is called absolute delay. 
It is equal to the sum of the base line, half pulse repetition, and coding delays. Note 
that in connection with loran, the word ‘‘recurrence”’ is frequently used synonymously 
with the preferred “repetition.” 

In practice, then, the reading varies from a minimum value equal to the coding 
delay along the base line extension beyond the slave station, through a value equal to 
the coding delay plus the base line delay along the center line, to a maximum equal to 
the coding delay plus twice the base line delay along the base line extension beyond the 
master station. The coding delay is sometimes represented by the symbol 6, the base 
line delay by 8, and the time difference by J. In terms of these symbols, the mini- 
mum reading, beyond the slave station 1s 


T=6, 
the reading along the center line is 
T=6+8, 
and the maximum reading, beyond the master station, 1s 


T=6+ 28. 
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In figure 1304b the master and slave stations are separated by a distance of 323.7 
nautical miles. Point P, is 175.0 miles from M and 110.2 miles from S. It is required 
to find the loran reading at (1) the slave station, (2) at the master station, and (3) at 
point P,. The distance MS, the base line, is converted to a time interval, symbolized 
8, and the standard coding delay is 1,000 ms, symbolized 6. In this example, for a 
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Figure 1304b.—Approximate computation of loran readings. 


loran receiver-indicator located at S the time difference is only the coding delay, 6= 
1,000 ms. For a receiver-indicator at M/, the master signal is received simultaneously 
with transmission, but the slave signal is not received until the master signal has traveled 
to S, the coding delay has elapsed, and the slave signal has traveled back to M. Thus 
at M the loran reading is B+ 6+ 8=28+ 6=(2X2,000)+1,000=5,000 ms. For a re- 
ceiver-indicator at P, the time difference is the sum of the times required for the master 
signal to travel to the slave, (8), for the coding delay (6) to elapse, and the time (f,) 
required for the slave signal to reach P;, less the time (t,,) required for the master signal 
to reach P,. That is 


T= (6+ 6-+t,)—ta=B+ b+ (Cte): 
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half pulse repetition rate does not change the reading, which still varies from 0 along 
the base line extension beyond the slave station to twice the base line delay along the 
base line extension beyond the master station. It does ensure the slave signal being 
always on the B trace when the master signal is near the beginning of the A trace, so 
that time difference is the distance of each signal from the start (or other fixed point) 
of its trace. 

With this arrangement, however, small time differences would result in one signal 
being so nearly above the other that the identity of each signal would not be apparent 
until the measurement were completed, or nearly so. To avoid this, a third delay is 
introduced. This is called the coding delay (fig. 1304a), and is arbitrarily set at either 
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Figure 1304a.—Loran pulse sequence. 


500 ms, 950 ms, or 1000 ms, depending upon the particular rate. The effect of this 
delay is to increase all time difference readings by the amount of the delay. The time 
difference between the starts of the master and slave signals is called absolute delay. 
It is equal to the sum of the base line, half pulse repetition, and coding delays. Note 
that in connection with loran, the word “‘recurrence”’ is frequently used synonymously 
with the preferred “repetition.” 

In practice, then, the reading varies from a minimum value equal to the coding 
delay along the base line extension beyond the slave station, through a value equal to 
the coding delay plus the base line delay along the center line, to a maximum equal to 
the coding delay plus twice the base line delay along the base line extension beyond the 
master station. The coding delay is sometimes represented by the symbol 6, the base 
line delay by 8, and the time difference by J. In terms of these symbols, the mini- 
mum reading, beyond the slave station is 


T=6, 
the reading along the center line is 
T=6+8, 
and the maximum reading, beyond the master station, is 


T=5+ 28. 
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In figure 1304b the master and slave stations are separated by a distance of 323.7 
nautical miles. Point P; is 175.0 miles from M and 110.2 miles from S._ It is required 
to find the loran reading at (1) the slave station, (2) at the master station, and (3) at 
point P;. The distance MS, the base line, is converted to a time interval, symbolized 
6, and the standard coding delay is 1,000 ms, symbolized 6. In this example, for a 
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Ficure 1304b.—Approximate computation of loran readings. 


loran receiver-indicator located at S the time difference is only the coding delay, 6= 
1,000 ms. For a receiver-indicator at M, the master signal is received simultaneously 
with transmission, but the slave signal is not received until the master signal has traveled 
to S, the coding delay has elapsed, and the slave signal has traveled back to M. Thus 
at M the loran reading is B+ 6+8=28+ 6=(22,000)+1,000=5,000 ms. For a re- 
ceiver-indicator at P; the time difference is the sum of the times required for the master 
signal to travel to the slave, (8), for the coding delay (6) to elapse, and the time (t,) 
required for the slave signal to reach P,, less the time (t,,) required for the master signal 
to reach P,. That is 


T= (B+ 5+t,)—tn=B+ 5+ (t,—tn). 
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Converting the distances from P, to M and S to time units at 6.18 ms per mile gives 
tn, 1080 ms and f,, 680 ms. Hence 


T=6+ 6+ (t,—tn) =2,000-+ 1,000 —400=2600 ms. 


Similarly, it is seen that 7’ is 2,600 ms for any other point as P, which lies on the 
curve which includes P,. The perpendicular bisector of the base line has the value 
T=3,000 in this example, since for all points on this line ¢t, and ¢, are equal. Figure 
1304b shows that for any loran pair the time differences are least for points nearer the 
slave station and greatest for those nearer the master station such as P3. 

1305. Transmission of loran signals.—The duration of a loran pulse is approxi- 
mately 40 microseconds, measured at half amplitude. The pulses recur at regular 
intervals, but the transmitter is inactive for relatively long periods (29,260 to 39,960 
ms) between pulses. Thus, the duty cycles (art. 1204) varies from about 0.0013 to 
0.0010, and a transmitter with a relatively low average power is sufficient to provide 
high peak power. 

Loran transmissions are continually monitored to keep the synchronization correct 
within a tolerance usually of two microseconds. If the error exceeds the assigned 
tolerance a “blinker” device is switched on. The signals are made to blink by shifting 
to the right by 1,000 microseconds and back at intervals of about one second. This 
shifting is visible during the initial operations of the receiver, but during the matching 
Operation (art. 1311) the shift exceeds the field of the scope and one of the signals 
appears to blink on and off. The operator should wait until blinking ceases before 
making time-difference measurements. 

1306. Station pairs and chains.—The stations of most pairs are located 200 to 
400 nautical miles apart. However, under unfavorable geographic conditions, as with 
some island systems, stations may be as close as 100 miles or as far apart as 700 miles. 

One master station may be common to two slave stations, or one slave may be com- 
mon to two master stations. Such a station sending out two entirely distinct signals for 
different pairs is called a double-pulsing station. The use of such stations may be 
extended into a line of stations with each station double-pulsing, except the two end 
ones. The term loran chain is sometimes used to refer to a number of stations in the 
same general geographical area, whether or not double-pulsing stations are involved. 

Land areas, particularly if adjacent to a station, very greatly reduce the range 
of loran ground wave signals. However, accurate results can be obtained if the signals 
are received. 

Loran stations broadcast continously 24 hours per day. Standby equipment is 
maintained for use in emergencies so that a station is seldom off the air. The rare 
interruptions in the transmission of signals are usually publicized in special radio 
broadcasts to mariners and airmen. 

1307. Identification of station pairs.—The signals from a station pair are broadcast 
over one of the following frequency channels: 


1. 1950 ke 3. 1900 ke 
2. 1850 ke 4. 1750 ke 


The same channel is commonly used for all station pairs in a given area. In order to 
prevent interference, cach station pair is assigned a different pulse repetition rate 
(PRR) sometimes called pulse recurrence rate. The PRR of a station pair consists of 
two parts, called the basic PRR and the specific PRR. The basic PRR is indicated 
by a letter, L (low), approximately 25 pulses per second; H (high), approximately 
3314 pulses per second; or S (special), approximately 20 pulses per second. The special 
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basic PRR is not in use. The specific PRR is indicated by one of the numeral digits 
0 through 7 inclusive, following the basic PRR identification letters L, H, orS. Those 
in operational use follow: 
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Each pair of loran stations is identified by a three-character symbol, in which the 
first character is the frequency channel, and the second and third identify the pulse 
repetition rate. For example, 2HO identifies a station pair broadcasting on frequency 
channel 2 (1850 ke) with signals at a pulse spacing of 30,000 microseconds. The 
expression “loran rate’ is usually applied to this three-character identification symbol 
which identifies station pairs and is prefixed to the time difference readings on the loran 
charts and tables. 

1308. Loran receiver and indicator.—A loran receiver (fig. 1308a) is basically 
an ordinary superheterodyne radio receiver (art. 1111). The output of the receiver 
is fed to a loran indicator, which is an electronic device capable of measuring with high 
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Figure 1308a.—Loran receiver-indicator (AN/APN-70). 
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precision the difference in the times of arrival of the pulse signals from the master 
and slave stations of a pair. The loran indicator has a cathode ray tube, a vibrating 
quartz crystal, and electrical circuits known as counters or “dividers.”’ 

When the current is on, the screen of the cathode ray tube has two horizontal 
traces, as shown by the simplified diagram in figure 1308b. These traces are formed by 
a single moving spot of light which tra- 
verses horizontally both upper and lower 
parts of the screen during the pulse period. 

The spot sweeps steadily across the 
upper part of the screen from left to right 
in slightly less than one half the pulse 

~ (1) UPPER TRACE ——> period. Then it moves quickly downward 
and to the left, forming a faint retrace. 
During the second half of the pulse period, 
the spot moves steadily from left to right 
again to form the lower trace. The spot 
then moves quickly upward and to the 
left, to the beginning of the upper trace. 
This sequence is repeated at the recurrence 
rate to which the receiver dials are set, 
assuming the set is calibrated correctly. 
In some indicators the spot is blanked 
out during the flyback time (art. 1204), so 
that no retrace is visible. Since the spot 
moves horizontally along a trace at a constant rate, the distance between two positions 
of the spot is proportional to elapsed time. 

A loran signal from the receiver causes the spot of light to be temporarily deflected 
upward, thereby marking the time with vertical lines or pips, as shown in figure 1308c. 
If the trace pattern has the same length as the pulse period of the loran signals being 
received, the spot is deflected up- 
ward at the same position on the 
screen at each recurrence, and there- 
fore appears stationary. If the sweep 
rate is faster than that of the loran 
signal, the pip appears slightly to the 
right on each successive sweep, and 
so appears to drift in that direction. 
If the sweep rate is slower, the signal 
pip appears to drift to the left. 

Since the total delay between sig- 
nals from the master and slave sta- 
tions is always greater than one half 
the recurrence period, the slave signal 
appears on the bottom trace and to 
the right of the master signal, when 
the master signal appears near the 
left of the top trace, as indicated in 
article 1304. Since the indicator 
might be turned on during any part Figure 1308c.—Loran signals on screen. 





FiGurRE 1308b.—Traces on Joran indicator screen. 
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of the cycle, the slave signal may appear on the top trace and the master signal on 
the bottom. These positions can be reversed by manipulating a framing switch, 
which temporarily changes the sweep recurrence rate and causes the signals to drift 
left or right. When a signal drifts past the end of a trace, it jumps to the opposite 
end of the other trace. 

Since the length of each trace may be about 15,000 or 20,000 microseconds, it 
does not provide a precise scale for direct measurement of time difference. This 
difficulty is overcome by electrically magnifying portions of the traces. The portions 
magnified, called pedestals, are higher than other parts of the traces, as shown in figure 
1308c. The pedestal on the top trace is at a fixed location near the beginning of the 
trace. The pedestal on the bottom trace is movable by means of ‘‘delay’’ control dials. 
When a time difference measurement is to be made, the master signal is placed on the 
left edge of the top pedestal by causing the signal to drift. The bottom pedestal is 
then moved until its left edge is under the slave signal. The pedestals are then mag- 
nified and the slave signal placed directly under the master signal. Each signal is 
then an equal distance from the start of its pedestal, and measurement of the time 
difference between the leading edges of the pedestals is also a measure of the time 
difference between signals, neglecting the half pulse recurrence rate delay. Several 
successive magnifications are needed to make a reading to the desired precision. 

Details of measuring the time difference vary with the type of indicator. Some 
indicators project a scale on each trace, and the difference can be read from the dis- 
placement of one with respect to the other. Other indicators, when the signals have 
been matched, show the time difference on mechanical dials or counters. The equip- 
ment shown in figure 1308a provides counters for two rates. It is important that the 
operator study carefully the technical manual for receiver-indicator equipment being 
used. 

1309. Ground waves and sky waves.—The path over which loran waves travel 
affects their range and characteristics, and the reliable accuracy of the time difference 
readings. As indicated in chapter XI, the energy which travels along the surface of 
the earth is called the ground wave, and that which is reflected from the ionosphere 
is called a sky wave. Since both one-hop and multiple-hop reflections occur from both 
the E layer and F layer, as shown in figure 13091, a single transmitted pulse may be 
received as a series or train of pulses, as shown in figure 1309b. 

A signal which travels to the ionosphere and back travels a greater distance than 
one which follows the surface of the earth. The amount added to the length of the 
path depends upon the height of the reflecting layer, its angle of tilt with respect to 
the surface of the earth, the number of hops, and the distance of the receiver from the 
transmitter. Because of these several variables, the time difference of sky-wave read- 
ings at any given location cannot be predicted with the same accuracy as those of 
ground waves. For this reason, ground-wave signals should always be used when 
available, even though they may be considerably weaker than sky-wave signals. When 
ground wave signals from both stations are not available, one-hop-E signals should be 
used. The F' layer is too unstable and variable in height to permit reliable predictions 
of time differences. In multiple-hop-£ signals the possible error is multiplied be- 
yond an acceptable value. 

Loran tables and charts are prepared on the basis of ground waves. The dif- 
ference between these values and the sky-wave readings depends upon the difference 
between the amount each signal path (master and slave) is lengthened. This is zero 
along the center line, and maximum along the base line extensions. This difference 
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Figure 1309b.—Train of loran pulses on screen. 


is tabulated as a sky-wave correction to be applied to sky-wave readings to convert 
them to the equivalent ground-wave readings. 

As either transmitting station is approached, the sky-wave correction becomes 
larger and less reliable. Within 250 miles of a station the uncertainty becomes un- 
acceptably great. There are some areas within this distance from a station in which, 
due usually to a very long base line or intervening land, it is impossible to receive 
ground waves from the other station of the pair. In this situation it is necessary to 
match ground waves from the nearer station with sky waves from the more distant 
station. Special ground-wave to sky-wave correction tables are provided for the very 
few rates requiring this operation. These corrections are included in the catalog of 
Loran Charts and Publications, H.O. Pub. No. 1-L, and in Loran Tables, H.O. Pub. No. 221. 
However, this correction is considered even less reliable than a sky-wave correction 
normally is, because in the latter case any variation in the reflecting layer acts on 
both signals, and errors tend to cancel each other. 

1310. Identification of ground waves and sky waves is essential if the interpreta- 
tion of loran readings is to be reliable. Signals appear along either trace in the order 
in which they are received, starting at the left. Since the ground-wave path is shortest, 
a ground-wave signal, when received, appears first, followed by the one-hop-E signal, 
and then the others in the order of the distance traveled. This provides the first 
guide to identification, but it leaves open the question of whether the first signal is a 
ground wave or a sky wave. 

Distance from the transmitting stations can be of some assistance in solving this 
problein. With older loran transmitters of 100 kw peak power, ground waves can 
nearly always be received to a distance of 500 nautical miles during daylight, unless 
land intervenes between the transmitter and receiver. The effect of such land is 
particularly noticeable near the transmitter. Its effect in decreasing the range is less 
effective at higher altitudes of the receiver (fig. 1310). Over water, the maximum 
range during daylight may be as great as 700 nautical miles, and in some instances 
even greater, particularly in the Pacific. Newer transmitters, having peak power of 
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FiaureE 1310.—Effect of land on loran reception. 


1,000 kw, produce ground-wave signals that can be received at a maximum distance 
of 850 miles or more. The night range of ground waves is about two-thirds the day- 
light range. Generally, sky waves are strong only during late afternoon or night, 
extending the range to about 1,400 miles. Often, strong signals can be received beyond 
this range, but the navigator should not yield to the natural temptation to use them, 
for they may be multiple-hop-E signals or F layer reflections. Normally, loran tables 
and charts are not extended beyond this range. 

Uncertainty as to the maximum range at which ground waves are received results 
in @ critical zone in which the identity of the first signal is uncertain. A second zone 
of uncertainty occurs at the outer limit of one-hop-£ reception, but this zone is usually 
beyond the limit of the tables and charts. 

Within the critical zone, and as a check elsewhere, the appearance of the signal 
at greatest magnification serves as a useful guide. Normally, the strength of a ground- 
wave signal changes so slowly as to appear essentially constant over a much longer 
period of time than needed for making a reading. In contrast, a sky wave is subject 
to fading (art. 1109), the cycle of which may be less than a minute, or may extend 
over several minutes. For this reason, one should not be too hasty in deciding upon 
the identity of an apparently stable signal in an area where sky waves might reasonably 
be expected. It is good practice to watch the scope for several minutes before making 
a reading, to be reasonably certain of the identity of the signals. Sky waves are also 
subject to splitting. This is a division into two or more peaks which may fade inde- 
pendently. The first part of a sky wave may completely fade away, and a reading 
taken on the remaining part will be in error. Again, a few minutes’ study of the scope 
is the best precaution. During this study it is well to turn up the gain to the maximum 
consistent with the noise level, so that comparatively weak signals, or leading portions 
of signals, will not be overlooked. 
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Identification of signals is a problem requiring judgment and skill. Experience is 
helpful. The task is somewhat easier if readings are made hourly, or even half-hourly 
in a fast aircraft. This procedure permits observation of gradual changes in the pattern 
of signals, and establishment of continuity. The identification of signals under favor- 
able conditions assists as the situation gradually becomes less certain. If a series of 
loran fixes has been plotted, a subsequent error in identification is likely to be apparent 
because of the inconsistency of the plotted position with respect to previous ones. 

1311. Pulse matching is the alignment of the leading edges of signals with respect 
to each other preparatory to reading the time difference. While the technique and 
controls vary somewhat in different types of equipment, the general procedure is 
somewhat as follows: 

The receiver is tuned to the correct frequency channel, and the indicator is set 
to the PRR of the rate on which a reading is to be made. The gain is adjusted until 
the signals are a convenient height. By means of the framing switch, the signals are 
moved right or left until the master signal is on the upper trace and mounted on the 
pedestal, near its left edge. When this has been done, the slave signal appears on the 
lower trace, to the right of the master signal. By means of the delay controls, the B 
trace pedestal is moved under the slave signal, with the signal near the left edge. The 
gain controls are adjusted until the two signals are made to appear about the same 
height. Any tendency of the signals to drift right or left is checked by means of the 
drift control. (See fig. 1311.) Successive amplifications (A) and superpositioning (B) 
of parts of the traces broaden the signals, 
permitting an accurate alignment of the 
leading (left) edges (C) by means of the 
delay control. Throughout the process, 
adjustments of amplitude balance, gain, 
and drift may be needed. Before deciding 
that the match is satisfactory, in the case 
of sky waves, it is good practice to in- 
crease the gain temporarily to the maxi- 
mum value consistent with the noise level, 
to be sure that no part of the signal has 
been overlooked. If the two signals are 
of different shape, it may be desirable to 
unbalance the amplitude to obtain a good 
match of the parts being brought into 
coincidence. 

1312. Interference.—Static (noise) has 
the appearance of grass on the traces. 
Continuous wave (cw) radio transmission 
and lightning temporarily obscure loran 
signals, but generally readings can be made 
between disturbances. Radar produces a 
series of signals somewhat resembling loran 
signals, but at regular spacing across the 
traces. When a recciver is near one loran 
station, and tuned to a station of diff- 
erent wave length, spillover may occur. 
That is, weak signals from the nearby Figure 1311.— Matching loran signals. 





356 HYPERBOLIC NAVIGATION SYSTEMS 





Resulting Approximate Groundwave Range, Nautical Miles 


La bad ree 
See sees eee eee 
40 60 80 100 120 140 
Portion of Path Overland, Nautical Miles 
(Adjacent to Transmitter or Receiver) 


FiaureE 1310.—Effect of land on loran reception. 


1,000 kw, produce ground-wave signals that can be received at a maximum distance 
of 850 miles or more. The night range of ground waves is about two-thirds the day- 
light range. Generally, sky waves are strong only during late afternoon or night, 
extending the range to about 1,400 miles. Often, strong signals can be received beyond 
this range, but the navigator should not yield to the natural temptation to use them, 
for they may be multiple-hop-£ signals or F layer reflections. Normally, loran tables 
and charts are not extended beyond this range. 

Uncertainty as to the maximum range at which ground waves are received results 
in a critical zone in which the identity of the first signal is uncertain. A second zone 
of uncertainty occurs at the outer limit of one-hop-£ reception, but this zone is usually 
beyond the limit of the tables and charts. 

Within the critical zone, and as a check elsewhere, the appearance of the signal 
at greatest magnification serves as a useful guide. Normally, the strength of a ground- 
wave signal changes so slowly as to appear essentially constant over a much longer 
period of time than needed for making a reading. In contrast, a sky wave is subject 
to fading (art. 1109), the cycle of which may be less than a minute, or may extend 
over several minutes. For this reason, one should not be too hasty in deciding upon 
the identity of an apparently stable signal in an area where sky waves might reasonably 
be expected. It is good practice to watch the scope for several minutes before making 
a reading, to be reasonably certain of the identity of the signals. Sky waves are also 
subject to splitting. This is a division into two or more peaks which may fade inde- 
pendently. The first part of a sky wave may completely fade away, and a reading 
taken on the remaining part will bein error. Again, a few minutes’ study of the scope 
is the best precaution. During this study it is well to turn up the gain to the maximum 
consistent with the noise level, so that comparatively weak signals, or leading portions 
of signals, will not be overlooked. 
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Identification of signals is a problem requiring judgment and skill. Experience is 
helpful. The task is somewhat easier if readings are made hourly, or even half-hourly 
in a fast aircraft. This procedure permits observation of gradual changes in the pattern 
of signals, and establishment of continuity. The identification of signals under favor- 
able conditions assists as the situation gradually becomes less certain. If a series of 
loran fixes has been plotted, a subsequent error in identification is likely to be apparent 
because of the inconsistency of the plotted position with respect to previous ones. 

1311. Pulse matching is the alignment of the leading edges of signals with respect 
to each other preparatory to reading the time difference. While the technique and 
controls vary somewhat in different types of equipment, the general procedure is 
somewhat as follows: 

The receiver is tuned to the correct frequency channel, and the indicator is set 
to the PRR of the rate on which a reading is to be made. The gain is adjusted until 
the signals are a convenient height. By means of the framing switch, the signals are 
moved right or left until the master signal is on the upper trace and mounted on the 
pedestal, near its left edge. When this has been done, the slave signal appears on the 
lower trace, to the right of the master signal. By means of the delay controls, the B 
trace pedestal is moved under the slave signal, with the signal near the left edge. The 
gain controls are adjusted until the two signals are made to appear about the same 
height. Any tendency of the signals to drift right or left is checked by means of the 
drift control. (See fig. 1311.) Successive amplifications (A) and superpositioning (B) 
of parts of the traces broaden the signals, 
permitting an accurate alignment of the 
leading (left) edges (C) by means of the 
delay control. Throughout the process, 
adjustments of amplitude balance, gain, 
and drift may be needed. Before deciding 
that the match is satisfactory, in the case 
of sky waves, it is good practice to in- 
crease the gain temporarily to the maxi- 
mum value consistent with the noise level, 
to be sure that no part of the signal has 
been overlooked. If the two signals are 
of different shape, it may be desirable to 
unbalance the amplitude to obtain a good 
match of the parts being brought into 
coincidence. 

1312. Interference.—Static (noise) has 
the appearance of grass on the traces. 
Continuous wave (cw) radio transmission 
and lightning temporarily obscure loran 
signals, but generally readings can be made 
between disturbances. Radar produces a 
series of signals somewhat resembling loran 
signals, but at regular spacing across the 
traces. When a receiver is near one loran 
station, and tuned to a station of diff- 
erent wave length, spillover may occur. 
That is, weak signals from the nearby Figure 1311.— Matching loran signals. 
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station may appear. If spillover is suspected, shift to the frequency of the nearby 
station. A spillover signal then becomes stronger, while the one having the other 
frequency disappears, or becomes relatively weaker. 

A faint signal image may be visible on the scope due to ghost pulses from a station 
having a basic recurrence rate different from the rate to which the receiver is set. 
These can be identified by the fact that they are weaker, and appear at intervals of 
about 10,000 ms. Generally the signal flickers, and may drift at a faster rate than 
others. If the signal is magnified, the trace is seen to be continuous below the signal, 
rather than interrupted. Ghost signals should be ignored. 

With patience and practice accurate loran readings can usually be made despite 
these various types of interference. The above conditions are mentioned, not because 
the interference of one pair of stations with another will be very troublesome, but 
because they may be confusing if not understood. 

1313. Accuracy.—As indicated in article 1305, the maximum acceptable synchro- 
nization error in the transmitted signals is two microseconds. Generally, it is less. 
The average total probable error is estimated to be one microsecond for ground waves, 
and two microseconds for one-hop-E sky waves. In terms of miles, the size of these 
probable errors depends upon the relative spacing of the loran lines of position. Along 
the base line, between the stations, an error of one microsecond represents an error of 
about one-eighth mile. This increases to a value of more than two miles near the base 
line extensions. At considerable distances from the stations this can be 10 miles or 
more. The pattern of lines of position depends somewhat upon the length of the base 
line. With shorter base lines, the hyperbolic lines of position more nearly resemble 
radial great circles. 

As in other forms of navigation, the accuracy of a loran fiz depends upon the ac- 
curacy of the individual lines of position, and also upon the angle at which they cross, 
a 90° crossing angle being most desirable when only two lines of position are involved. 
This is illustrated in figure 1313, in which areas (1) and (2) show the change in positional 
uncertainty for equal errors in measuring 
loran lines from pairs AB and AB’. Addi- 
tional lines of position reduce the probable 
error, and also serve as a check on the 
lines already obtained. 

A few transmitting stations are located 
at isolated places where accurate location 
relative to the other station of the pair is un- 
Fieure 1313.—Accuracy of fix depends upon obtainable. Where this has resulted in 

angle of cut and relative spacing of lines of errors in the tabulated and charted values, 

eee: correction chartlets have been provided, 
giving corrections to be applied to the readings obtained in certain areas before these 
are plotted. These chartlets are printed on appropriate loran charts and are included 
in books of loran tables. 

1314. Plotting loran lines of position.— lost air navigators prefer to plot loran 
lines on loran charts, on which the lines of position are printed in distinctive colors and. 
labeled with rate symbols. The intervals between the lines vary from 20 to 200 micro- 
seconds, depending generally upon the scale of the chart. Part of one of the small 
scale charts is shown at a reduced scale in figure 1314a. 
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station may appear. If spillover is suspected, shift to the frequency of the nearby 
station. A spillover signal then becomes stronger, while the one having the other 
frequency disappears, or becomes relatively weaker. 

A faint signal image may be visible on the scope due to ghost pulses from a station 
having a basic recurrence rate different from the rate to which the receiver is set. 
These can be identified by the fact that they are weaker, and appear at intervals of 
about 10,000 ms. Generally the signal flickers, and may drift at a faster rate than 
others. If the signal is magnified, the trace is seen to be continuous below the signal, 
rather than interrupted. Ghost signals should be ignored. 

With patience and practice accurate loran readings can usually be made despite 
these various types of interference. The above conditions are mentioned, not because 
the interference of one pair of stations with another will be very troublesome, but 
because they may be confusing if not understood. 

1313. Accuracy.—As indicated in article 1305, the maximum acceptable synchro- 
nization error in the transmitted signals is two microseconds. Generally, it is less. 
The average total probable error is estimated to be one microsecond for ground waves, 
and two microseconds for one-hop-E sky waves. In terms of miles, the size of these 
probable errors depends upon the relative spacing of the loran lines of position. Along 
the base line, between the stations, an error of one microsecond represents an error of 
about one-eighth mile. This increases to a value of more than two miles near the base 
line extensions. At considerable distances from the stations this can be 10 miles or 
more. The pattern of lines of position depends somewhat upon the length of the base 
line. With shorter base lines, the hyperbolic lines of position more nearly resemble 
radial great circles. 

As in other forms of navigation, the accuracy of a loran fiz depends upon the ac- 
curacy of the individual lines of position, and also upon the angle at which they cross, 
a 90° crossing angle being most desirable when only two lines of position are involved. 
This is illustrated in figure 1313, in which areas (1) and (2) show the change in positional 
uncertainty for equal errors in measuring 
loran lines from pairs AB and AB’. Addi- 
tional lines of position reduce the probable 
error, and also serve as a check on the 
lines already obtained. 

A few transmitting stations are located 
at isolated places where accurate location 
relative to the other station of the paar is un- 
Figure 1313.—Accuracy of fix depends upon obtainable. Where this has resulted in 

angle of cut and relative spacing of lincs of — aprors in the tabulated and charted values, 

pone correction chartlets have been provided, 
giving corrections to be applied to the readings obtained in certain areas before these 
are plotted. These chartlets are printed on appropriate loran charts and are included 
in books of loran tables. 

1314. Plotting loran lines of position—M{ost air navigators prefer to plot loran 
lines on loran charts, on which the lines of position are printed in distinctive colors and. 
labeled with rate symbols. The intervals between the lines vary from 20 to 200 micro- 
seconds, depending generally upon the seale of the chart. Part of one of the small 
scale charts is shown at a reduced scale in figure 1314a. 
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Unless a loran reading is the exact value of one of the printed lines, interpolation is 
needed for plotting the line of position. Linear interpolation by eye is usually of 
sufficient accuracy, except near base line extensions. In these areas interpolation is too 
inaccurate for use, unless no better information is available. When this is the case, 
nonlinear interpolation should be used. H.O. Misc. 11,691, Interpolator, may be used 
for this purpose. If sky waves are used, the appropriate correction should be applied 
before the line is plotted. Draw the line of position near the DR position, and advance 
or retire it as any other line of position, if necessary. Loran charts can be used for the 
entire navigational plot, or lines of position or fixes can be obtained from it and trans- 
ferred to a regular chart or plotting sheet. 

The U.S. Navy Hydrographic Office publishes a series of Loran Tables (H.O. Pub. 
No. 221) which are widely used by mariners, but seldom by aviators because of the extra 
time and effort involved. These tables give for each loran rate the points at which loran 
lines intersect convenient parallels of latitude or meridians of longitude. Excerpts 
are shown in appendix D. The table for the particular rate is entered with the observed 
loran (ground-wave) reading and a whole, half, or quarter degree of either latitude or 
longitude, depending upon the arrangement of the table. The other coordinate 
(longitude or latitude) for one point on the loran line is taken from the table. When two 
or more such points, usually one on each side of the DR position, are plotted on a naviga- 
tional chart or plotting sheet, a straight line joining them approximates a segment of 
a loran line of position. Interpolation between tabulated values of loran readings is 
accomplished by means of the values tabulated under A, as shown in the following 
example. 

Erample-——The 1917 DR position of an aircraft is latitude 56°54’ N, longitude 
148°16’ W, TC 324°, TAS 165K. Loran readings are obtained as follows: 


Time Rate Reading 
Ts 1917 1L2 2934 
To 1921 1L3 2426 


T, and Tg are time-difference readings of sky waves and ground waves, respectively. 
Required.—The 1921 loran fix. 

Solution (fig. 1314b).—(1) Enter the sky-wave correction table for rate 1L2 (ap- 

49°W pape pendix D) and obtain the correction (+21) by 

double interpolation. Add this to the sky- 

wave reading to obtain the equivalent. ground- 

AO wave reading 2955 (2934+ 21). 


=e (2) Enter the main part of the 1L2 table 
INE 
F 


with the nearest tabulated time reading, 2960. 
The other entering value in the vicinity of the 
7-192! Loron FIX aircraft is longitude, as indicated in the table. 

L2 Enter first with longitude 148° W and extract 
the corresponding latitude (57°02'4 N) and A 
(+0'34, tabulated as +34, without the deci- 
mal). Repeat this operation for longitude 
149° W and obtain latitude 56°51/2 N, A 
+0'37. The observed reading (after correc- 
tion) is 4 ms less than the tabulated value. 
Multiplying, the interpolation factors are 0°34 
Figure 1314b.—Plot of example. X(—)4=(—)1'4 and 0/37X(—)4=(—) 1/5. 


1L2 
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Applying these values to the tabulated latitudes, the latitudes are found to be 
57°01/0 N and 56°49'7 N. 

(3) Follow a similar procedure for rate 1L3, entering with Tg2420 and latitudes 
56°45’ N and 57° N. The tabulated longitudes are 148°22'4 W and 148°24'3 W, and 
in both cases the A value is (—)0.17. Multiply this by 6(2426—2420) to obtain the 
correction (—1/0). Apply this to the tabulated longitudes, obtaining 148°21'4 W 
and 148°23'3 W. 

(4) Plot the two points of each line of position, and connect them with a straight 
line. 

(5) Advance the 1L2 line 11 miles (4™ at GS 165 K) in the direction of TC, 324°. 
The intersection of this advanced line with the 1L8 line is the fix. 

Answer.—1921 fix: L 57°07’ N, ¥ 148°25’ W. 

1315. Loran as a navigational aid.—Like all other systems, loran has both desir- 
able and undesirable features. The long range of loran makes it available over a con- 
siderable area of the earth. Its relative independence of weather makes it available 
for readings at almost all times. ‘Twenty-four hour service makes it available at any 
time, except in case of mechanical failure. Land does not reduce its accuracy, although 
it does decrease the range. As contrasted with celestial, a loran line of position is not 
influenced by errors in time. Loran lines may be useful for homing. An aircraft can 
obtain loran readings without breaking radio silence. Ordinary radio Jamming methods 
are usually ineffective against loran. The use of loran by nonfriendly nations can be 
curtailed by periodically changing the coding delay. The simplicity of loran equip- 
ment facilitates the rapid training of operators. Compared to some other systems, 
the speed of obtaining a loran position is an advantage. There are no ambiguities 
in the loran pattern of position lines, as there are in some electronic systems. 

Loran also has disadvantages. The identification of ground waves and the 
various sky waves is not positive. Though usually reliable, both the transmitting and 
receiving equipment are subject to mechanical failure. Many areas of the world are 
not covered by loran, and within the coverage areas the readings are inaccurate along 
the base line extensions. Transmitting stations are vulnerable to storms and subject 
to capture or damage by the enemy in time of war. They are expensive installations 
which are maintained by the government, most of them by the United States. There is 
always the possibility of curtailment of some services for economy reasons. Stations 
located on foreign soil involve diplomatic considerations. 

Originally developed for military use, loran has also proved useful to commercial 
and privately owned ships and aircraft of many nations of the world. It is the most 
widely used system of long-range electronic navigation. 

1316.—Loran-C is a newer hyperbolic system of radio navigation similar to and 
with improvements over Loran—A (standard loran). Ships and aircraft with proper 
equipment can use it in all weather conditions over land and sea to obtain higher ac- 
curacy position information at greater distances than those obtained in the Loran-A system. 

1317. Gee is a British system similar to loran. It operates mainly in the VHF 
band, and hence reception is limited essentially to line-of-sight range. Under favor- 
able conditions and at altitudes of 30,000 feet or more, the range may be extended to 
several hundred miles. 

Principles of operation.—Four ground stations 70 to 80 miles apart send out 
accurately-timed, pulsed signals. All stations transmit on the same radio frequency 
(between 20-85 mc). Station A, the master, transmits at a pulse recurrence rate of 
500 pulses per second (pulse recurrence period 2,000 ms). Stations B and C, both 
slaved to A, transmit at PRR 250 pps (PRP 4,000 ms). The two slave stations are 
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synchronized with alternate pulses from the master station. Station D transmits a 
double pulse at PRR 500/3 pps (PRP 6,000 ms); that is, with every third pulse from A. 
As with loran, the time difference in the receipt of signals from A and either slave 
establishes a hyperbolic line of position. The slave stations B and C are located so 
that these lines form satisfactory fixes over much of the coverage area. Station D is 
located so as to provide good fixes in areas where the lines from B and C cross at too 
acute an angle for accurate fixing. 

At the receiver, the signals are presented on a cathode ray tube showing two traces 
as with loran. The A-pulse appears on the upper side of both traces. The B- and 
C-pulses appear on the lower side of the upper and lower traces, respectively. One of 
the A-pulses is accompanied by a ghost pulse, which serves to distinguish between the 
B- and C-pulses because the pip appearing on the lower side of the same trace as the 
ghost is always the C-pulse. The D-pulse appears as a double pulse on both traces. 
Matching is accomplished by aligning the inverted B- and C-pulses with the A-pulses. 
The time differences are then read, as with loran. Since at least two pairs are matched 
simultaneously, two lines of position are obtained for the same instant, thus avoiding 
the necessity for advancing one of the lines. 

1318. Decca is a low-frequency, continuous-wave, hyperbolic svstem with coverage 
extending over much of western Europe and parts of eastern Canada, the Persian 
Gulf, and the Bay of Bengal. As with loran, gee, and other hyperbolic systems, position 
is determined by measuring the difference in distances from pairs of ground stations. 
With loran and gee, distance is obtained by measuring time differences between a series 
of pulses. With Decea, this is done by comparing the phase (art. 1106) of signals from 
two or more stations. 

Principles of operation—Four transmitting stations, a master and three slaves 
designated red, green, and purple are located at known geographical positions. The 
master and each of the slaves constitute a pair, which transmit phase-synchronized, 
continuous-wave signals. The receiving equipment consists essentially of a radio re- 
ceiver and an instrument called a Decometer shown in figure 1318 which compares the 
phase of the received signals. 

Suppose that the receiver is located at the mid-point of the base line joining the 
master and slave. Since the signals leave the transmitters in phase and each travels 
the same distance to the receiver, they arrive in phase. The signals are in phase at 
any point on the center line, which is the perpendicular bisector of the base line. If 
the signals are transmitted at a frequency of 60 ke (wave length 5,000 meters) and the 
receiver moves % wave length (2,500 meters) along the base line, away from the mid- 
point, the signals are again in phase, since one signal travels 4; wave length more and 
the other % wave length less than before. The phase comparison meter (Decometer) 
again indicates zero phase difference and will continue to do so anywhere along a hy- 
perbola such that the difference of the distances to the master and slave equals one 
wave length. A family of hyperbolas is thus projected at all points of which the phase 
difference is zero. This is similar to the family of loran curves shown in figure 1303, 
in which equal time differences are represented. 

The area between two lines of zero phase difference is called a lane, and successive 
lanes are designated alphabetically. Interpolation within each lane is proportional 
to the phase difference as indicated by the phase comparison meter. Lane ambiguity 
exists because the Decometer reads the same at the corresponding points in any lane. 

This ambiguity is resolved by a lane identification meter, which enables the occu- 
pied lane to be identified without prior knowledge of the approximate position. If 
the Decometer is disturbed or if sky waves interfere, an entire lane may be gained or 


HYPERBOLIC NAVIGATION SYSTEMS 363 


lost. This occurrence, known as lane skipping, is indicated by the lane identification 
meter, or by inconsistencies in the DR plot. 

A phase comparison meter requires that the signals to be compared be on the 
same radio frequency. It has been assumed in this discussion that both stations of 
the pair were so related. This would require that the master station transmit on three 
frequencies simultaneously, since there are three pairs in a Decca net. To avoid this, 
the master station transmits on a single frequency, as 85 kc, and the respective slaves 
use frequencies which are harmonically related to the master. The master and slave 
signals are then transformed to the same frequency within the receiver. 

Thus, if the master is on 85 ke and the green slave is on 113.3 kc, a special circuit 
in the receiver multiplies the master frequency by 4 and the slave frequency by 3. 
The resulting frequency (340 kc) is led to the green phase comparison meter. Other 
combinations of simple multiples are utilized for the red and purple slaves. 

The Decometer dials (fig. 1318) display continuously the lane letter and a 
number indicating hundredths of a lane. The hyperbolic lines of position, simi- 
larly labeled, are shown in their respective 
colors on Decca charts. By means of a 
Decca flight log, available as additional 
equipment, successive positions of the air- 
craft are traced out by a pen moving across 
a chart, the pen being controlled by the 
Decometer readings. The Decca flight log 
uses a special chart on a projection having 
great distortion. 

Since Decometer readings become 
unreliable when both sky waves and 
ground waves are received, the effective 
range of Decca is about 300 miles. In 
any hyperbolic system, maximum accu- 
racy of a line of position is obtained along 
the base line. In a phase comparison sys- 
tem this accuracy depends upon the width ce csi 
of a lane and the smallest fraction of a Courtesy The Decca Navigator Co., Ltd. 
lane that can be measured. In the Decca Figure 1318.—A Decometer. 
system, maximum accuracy is relatively 
high, the greatest error along the base line being a matter of yards. As distance 
from the base line increases, the lane width becomes greater, resulting in reduced 
accuracy. Fix accuracy depends upon the accuracy of individual lines of position, 
and the angle at which they cross. Near the maximum range of Decca, the crossing 
angle becomes relatively small, resulting in reduced accuracy. 

1319. Lorac is a hyperbolic system under experimental development in the United 
States, operating on a phase-difference principle similar to Decca (art. 1318). Three 
or more slave transmitters operate continuously or on a time-sharing basis, and the 
phase of the received signals is measured. Lorac operates in the medium frequency 
band, and hence is not limited to line-of-sight range. However, lane ambiguity exists 
as with other phase-comparison methods. 

1320. Sofar is a hyperbolic system depending upon transmission of sound in water. 
The name is derived from the initial letters of sound fixing and ranging. The only 


group of stations now in operation provides coverage in the eastern Pacific, between 
691-651°—63——24 
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synchronized with alternate pulses from the master station. Station D transmits a 
double pulse at PRR 500/3 pps (PRP 6,000 ms); that is, with every third pulse from A. 
As with loran, the time difference in the receipt of signals from A and either slave 
establishes a hyperbolic line of position. The slave stations B and C are located so 
that these lines form satisfactory fixes over much of the coverage area. Station D is 
located so as to provide good fixes in areas where the lines from B and C cross at too 
acute an angle for accurate fixing. 

At the receiver, the signals are presented on a cathode ray tube showing two traces 
as with loran. The A-pulse appears on the upper side of both traces. The B- and 
C-pulses appear on the lower side of the upper and lower traces, respectively. One of 
the A-pulses is accompanied by a ghost pulse, which serves to distinguish between the 
B- and C-pulses because the pip appearing on the lower side of the same trace as the 
ghost is always the C-pulse. The D-pulse appears as a double pulse on both traces. 
Matching is accomplished by aligning the inverted B- and C-pulses with the A-pulses. 
The time differences are then read, as with loran. Since at least two pairs are matched 
simultaneously, two lines of position are obtained for the same instant, thus avoiding 
the necessity for advancing one of the lines. 

1318. Decca is a low-frequency, continuous-wave, hyperbolic svstem with coverage 
extending over much of western Europe and parts of eustern Canada, the Persian 
Gulf, and the Bay of Bengal. As with loran, gee, and other hyperbolic systems, position 
is determined by measuring the difference in distances from pairs of ground stations. 
With loran and gee, distance is obtained by measuring time differences between a series 
of pulses. With Decca, this is done by comparing the phase (art. 1106) of signals from 


two or more stations. 
Principles of operation—Four transmitting stations, a master and three slaves 


designated red, green, and purple are located at known geographical positions. The 
master and each of the slaves constitute a pair, which transmit phase-synchronized, 
continuous-wave signals. The receiving equipment consists essentially of a radio re- 
ceiver and an instrument called a Decometer shown in figure 1318 which compares the 
phase of the received signals. 

Suppose that the receiver is located at the mid-point of the base line joining the 
master and slave. Since the signals leave the transmitters in phase and each travels 
the same distance to the receiver, they arrive in phase. The signals are in phase at 
any point on the center line, which is the perpendicular bisector of the base line. If 
the signals are transmitted at a frequency of 60 ke (wave length 5,000 meters) and the 
receiver moves }; wave length (2,500 meters) along the base line, away from the mid- 
point, the signals are again in phase, since one signal travels 4; wave length more and 
the other }3 wave length less than before. The pliase comparison meter (Decometer) 
again indicates zero phase difference and will continue to do so anywhere along a hy- 
perbola such that the difference of the distances to the master and slave equals one 
wave length. A family of hyperbolas is thus projected at all points of which the phase 
difference is zero. This is similar to the family of loran curves shown in figure 1303, 
in which equal time differences are represented. 

The area between two lines of zero phase difference is called a lane, and successive 
lanes are designated alphabetically. Interpolation within each lane is proportional 
to the phase difference as indicated by the phase comparison meter. Lane ambiguity 
exists because the Decometer reads the same at the corresponding points in any lane. 

This ambiguity is resolved by a lane identification meter, which enables the occu- 
pied lane to be identified without prior knowledge of the approximate position. If 
the Decometer is disturbed or if sky waves interfere, an entire lane may be gained or 


HYPERBOLIC NAVIGATION SYSTEMS 363 


lost. This occurrence, known as lane skipping, is indicated by the lane identification 
meter, or by inconsistencies in the DR plot. 

A phase comparison meter requires that the signals to be compared be on the 
same radio frequency. It has been assumed in this discussion that both stations of 
the pair were so related. This would require that the master station transmit on three 
frequencies simultaneously, since there are three pairs in a Decca net. To avoid this, 
the master station transmits on a single frequency, as 85 kc, and the respective slaves 
use frequencies which are harmonically related to the master. The master and slave 
signals are then transformed to the same frequency within the receiver. 

Thus, if the master is on 85 ke and the green slave is on 113.3 ke, a special circuit 
in the receiver multiplies the master frequency by 4 and the slave frequency by 3. 
The resulting frequency (340 kc) is led to the green phase comparison meter. Other 
combinations of simple multiples are utilized for the red and purple slaves. 

The Decometer dials (fig. 1318) display continuously the lane letter and a 
number indicating hundredths of a lane. The hyperbolic lines of position, simi- 
larly labeled, are shown in their respective 
colors on Decca charts. By means of a 
Decca flight log, available as additional 
equipment, successive positions of the air- 
craft are traced out by a pen moving across 
a chart, the pen being controlled by the 
Decometer readings. The Decca flight log 
uses a special chart on a projection having 
great distortion. 

Since Decometer readings become 
unreliable when both sky waves and 
ground waves are received, the effective 
range of Decca is about 300 miles. In 
any hyperbolic system, maximum accu- 
racy of a line of position is obtained along 
the baseline. In a phase comparison sys- 
tem this accuracy depends upon the width ea 
of a lane and the smallest fraction of a Courtesy The Decca Narigator Co., Ltd. 
lane that can be measured. In the Decca Ficure 1318.—A Decometer. 
system, maximum accuracy is relatively 
high, the greatest error along the base line being a matter of yards. As distance 
from the base line increases, the lane width becomes greater, resulting in reduced 
accuracy. Fix accuracy depends upon the accuracy of individual lines of position, 
and the angle at which they cross. Near the maximum range of Decca, the crossing 
angle becomes relatively small, resulting in reduced accuracy. 

1319. Lorac is a hyperbolic system under experimental development in the United 
States, operating on a phase-difference principle similar to Decca (art. 1318). Three 
or more slave transmitters operate continuously or on a time-sharing basis, and the 
phase of the received signals is measured. Lorac operates in the medium frequency 
band, and hence is not limited to line-of-sight range. However, lane ambiguity exists 
as with other phase-comparison methods. 

1320. Sofar is a hyperbolic system depending upon transmission of sound in water. 
The name is derived from the initial letters of sound fixing and ranging. The only 


group of stations now in operation provides coverage in the eastern Pacific, between 
691-651 °—63_24 
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the Hawaiian Islands and the West Coast of the United States, where it is intended 
primarily for location of survivors of ditched aircraft. 

A small bomb is thrown overboard. When it reaches a predetermined depth, 
usually between 3,000 and 4,000 feet, it explodes. This is the depth of minimum speed 
of travel of sound in the area. Speed increases upward because of higher temperature, 
and increases downward because of higher pressure. Hence, as sound moves away 
from the depth of minimum speed, it is bent back toward this level in a manner similar 
to the bending of radio waves by the ionosphere (art. 1107). As a result, it travels 
great distances, and can be picked up by suitable listening devices stationed at proper 
depths. Four such listening stations are located in the coverage area, and measure 
time of reception to the nearest 0.1 second. Since the time-measuring equipment at 
the various stations is synchronized, time differences can be determined. Reference to a 
chart having the hyperbolas representing various time differences indicates the position 
of the survivors. 

This process is the reverse of the usual hyperbolic system having transmitters 
rather than receivers at the stations. The practical range of the system is about 2,000 
miles, although signals have been received experimentally at distances at least as great 
as 3,100 miles. Nearly three-quarters of an hour are needed for the signal to travel 
2,000 miles. In the central part of the present coverage area, position is determined 
within an elliptical area about 4 miles long and 1% miles wide. 

1321. Consol.—During World War II Germany developed an electronic navigation 
system called sonne. Following the war the British further developed the system under 
the name consol. Several stations have been installed in western Europe. 

Consol differs from other hyperbolic systems discussed in this chapter in that the 
base lines are very short. Three antennas are used in line, spaced about three wave 
lengths apart. At distances greater than 25 miles from the antennas the lines of posi- 
tion can be considered great circles, with negligible error. For this reason, the system 
is often considered directional, rather than hyperbolic, great-circle bearings being 
measured from the position of the middle antenna. The system is not used within 25 
miles of the stations. 

The range of consol is about 1,000 miles by day, and about 1,200 miles by night. 
Bearings are most accurate along the center line, the perpendicular bisector of the line 
of antennas, and accuracy decreases toward the base line extensions. The usable area 
is considered an arc of 120° centered on the perpendicular bisector, one such arc being 
on each side of the base line. The areas of uncertainty are 60° sectors centered on 
the base line extensions. At a distance of 1,000 miles from the stations, position line 
errors varying from 6 miles at the center line to 24 miles at the edge of the coverage 
area are not unusual by day. At night these are increased to 10 to 40 miles. Between 
200 and 400 miles from the stations, where sky waves and ground waves mingle, or if 
the atmospheric noise level is high, even larger errors may be encountered. 

Signals are transmitted on frequencies between 250-350 ke as a series of dots and 
dashes receivable by an ordinary communications receiver. The dots are transmitted 
by one of the end antennas, and the dashes by the other. The phase of these antennas 
with respect to the middle one is slowly changed in such manner that the radiation 
pattern consists of several lobes averaging 15° wide in azimuth, all rotating around the 
middle antenna, clockwise on one side of the base line and counterclockwise on the 
other side. Alternate lobes, or sectors, contain dot and dash signals which merge into 
a monotone called the equisignal at the sector boundaries. 
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The transmission period is either 1 minute or 2 minutes. During the first half 
of this period a total of 60 dots and dashes is transmitted. To determine his bearing 
from the station the navigator or pilot counts the dots and dashes separately. Since 
some of the signals may be lost in the equisignal, the total may be less than 60. When 
this occurs, it 1s customary to assign the deficiency equally to the dots and dashes. 
Thus, if the count is 18 dashes, followed by 38 dots, the total is 56, or 4 less than 60. 
The corrected count is 20 dashes and 40 dots. The signals received before the equi- 
signal identifies the sector as ‘‘dot”’ or ‘“‘dash.”” If the DR position is in error by such 
a large amount that reasonable doubt exists as to which dot or dash sector is the one 
in which the craft is located, another method is needed for resolving the ambiguity. 
A direction finder is usually used for this purpose. 

Consol lines of position are located either by consol charts having the lines or a 
special compass rose printed on them, or by tables such as those given in H.O. Pub. 
No. 117, Radio Navigational Aids. If tables are used, and the lines of position are to 
be plotted on a Mercator chart, a correction should be applied for conversion angle. 
Tables for this correction are contained in H.O. Pub. No. 117. 

1322. Consolan, the United States version of consol, is a long-range navigational 
aid which operates in the low and medium frequency bands. There is no special con- 
solan equipment required. Signals may be received on any receiver covering the 
frequency range and equipped with a beat frequency oscillator. If a loop antenna is 
used, best results will be obtained in case of severe static by placing the loop near the 
maximum signal position. 

The range obtainable depends upon such variables as noise, ground conductivity, 
lonospheric conditions, frequency and power of the ground stations. Greatest range 
is achieved over sea water paths from 1,000 to 1,400 miles or more. The system is not 
usable within 50 miles of the stations. 

The greatest accuracy is obtained on a line normal to the line of stations and the 
useful portion of the pattern is the sector of 140° broadside to the transmitting antennas. 
The pattern off the ends of the line of towers, plus or minus 20°, is considered unsuitable 
for bearing information purposes. 


CHAPTER XIV 
CRUISE CONTROL 


1401. Introduction.—Cruise control is generally understood to mean the process 
of establishing, checking, or modifying an aircraft’s route, speed, altitude, etc., to 
effect optimum fuel consumption under the conditions established by the nature of 
the flight. Economy of fuel is of primary importance in commercial air carrier oper- 
ations. The profit margin is doubly involved, because wasteful fuel consumption in- 
creases operating costs unnecessarily, and also reduces revenue by decreasing payload 
capacity. In military operations, too, fuel economy is an important consideration, 
for it affects the range of operation and the weight of bombs or “payload” that can 
be carried. Payload may be materiel or personnel critically needed at a distant place. 
It is to the interest of the military, too, to conserve a dwindling national resource, and 
to maintain at a minimum the logistic support needed. 

Generally, the navigator is not expected to predict the rate of fuel consumption 
under given conditions, this being a problem for the Operations Office. When a 
routine, long-range flight is made, the navigator is given a table showing how much 
fuel should be consumed at any stage of the flight, at prescribed altitudes and power 
settings, from which he determines the fuel requirements for the flight. A comparison 
between predicted and actual results reveals whether fuel consumption is excessive. 

Many systems of cruise control are in use. One organization may require its 
pilots to cruise at a constant horsepower, and another may demand constant true 
air speed. In this chapter the system used by the Military Air Transport Service 
(MATS) is described, because operations of this organization have both military and 
scheduled air-carrier aspects, and can readily be adapted to other types of operations. 

1402. Flight planning information.— At preflight briefing, the navigator is given 
the planned pressure altitude, the true courses to be flown, the expected true air speed, 
and the forecast winds and temperature en route. Knowing these, he can estimate 
the time required for the flight, and can complete the flight plan. He also receives 
the data (table 1402) needed for preparing a Range Control Chart (art. 1404). These 
data are derived from cruise control charts supplied by the aircraft manufacturer, and 
modified by experience in actual operations. It applies only to the particular type 
aircraft and conditions indicated. 

The problem of planning a flight is best illustrated by a sample flight. The flight 
selected is one from Hickam AFB, Honolulu, T. H. to Travis AFB, Fairfield, California, 
a distance of a little more than 2,100 miles. Mather AFB is the terminal alternate 
and Barber’s Point is the departure alternate. The aircraft is estimated to weigh 
72,000 pounds at takeoff, and is cleared to cruise at a pressure altitude of 9,000 feet. 
For the forecast temperature at cruising altitude, the density altitude (art. 420) is 
10,000 feet. A constant true air speed of 175K will be maintained. 
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TABLE 1402.—Fuel Consumption Table 


Aircraft type—C-—54 (R5D) 
Density altitude—10,000 feet 
Gross weight—72,000 pounds 


Time Gals. Time Gals. Time Gals. Time Gals. 
0:06 4:30 1,043 8:54 1,921 13:12 2,727 
0:12 4:36 1,064 9:00 1,940 13:18 2, 746 
0:18 4:42 1, 084 9:06 1,958 13:24 2, 765 
0:24 4:48 1,105 9:12 1,977 13:30 2, 783 
0:30 188 4:54 1,125 9:18 1,996 13:36 2, 802 
0:36 211 5:00 1, 146 9:24 2,015 13:42 2,821 
0:42 234 5:06 1, 166 9:30 2,033 13:48 2,840 
0:48 257 5:12 1, 187 9:36 2,052 13:54 2,858 
0:54 280 5:18 1, 207 9:42 2,071 14:00 2,877 
1:00 303 5:24 1, 228 9:48 2,090 14:06 2,896 
1:06 326 5:30 1, 248 9:54 2,108 12:12 2,915 
1:12 349 5:36 1, 269 10:00 2,127 14:18 2,933 
1:18 372 5:42 1, 289 10:06 2,146 14:24 2,952 
1:24 395 5:48 1,310 10:12 2, 165 14:30 2,971 
1:30 418 5:54 1, 330 10:18 2, 183 14:36 2,990 
1:36 441 6:00 1,351 10:24 2, 202 14:42 3,008 
1:42 464 6:06 1,371 10:30 2, 221 14:48 3,027 
1:48 487 6:12 1, 392 10:36 2, 240 14:54 3,046 
1:54 510 6:18 1,412 10:42 2, 258 15:00 3, 065 
2:00 531 6:24 1, 433 10:48 2,277 15:06 3,083 
2:06 551 6:30 1, 453 10:54 2, 296 15:12 3, 102 
2:12 572 6:36 1,474 11:00 2,315 15:18 3,121 
2:18 592 6:42 1, 494 11:06 2, 333 15:24 3, 140 
2:24 613 6:48 1,515 11:12 2,352 15:30 3, 158 
2:30 633 6:54 1,535 11:18 2,371 15:36 3,177 
2:36 654 7:00 1, 556 11:24 2,390 15:42 3, 196 
2:42 674 7:06 1,576 11:30 2, 408 15:48 3,215 
2:48 695 7:12 1, 597 11:36 2, 427 15:54 3, 233 
2:54 715 7:18 1,617 11:42 2, 446 16:00 3, 252 
3:00 736 7:24 1, 638 11:48 2, 465 16:06 3, 271 
3:06 756 7:30 1, 658 11:54 2, 483 16:12 3, 290 
3:12 777 7:36 1,677 12:00 2, 502 16:18 3,308 
3:18 = 797 7:42 1, 696 12:06 2,521 16:24 3, 327 
ae «(S18 #748 1,118 12:12 2, 540 16:30 3, 346 
a ee a iia 12:18 2, 558 16:36 3, 365 
3:36 859 5200" 1,498 12:24 2,577 16:42 3, 383 
3:42 879 8:06 1,771 ; ; ; ; 
3-48 900 8:12 1,791 12:30 2, 596 16:48 3, 402 
3-54 920 8:18 1,808 12:36 2,615 16:54 3, 421 
4:06 961 8:30 1,846 12:48 2, 652 17:06 3, 458 
4:12 982 8:36 1,865 12:54 2,671 17:12 3,477 
4:18 1,002 8:42 1, 883 13:00 2,690 17:18 3, 496 
4:24 1,023 8:48 1, 902 13:06 2,708 17:24 3,515 


1403. Flight plan.—The Standard Flight Plan form (MATS 25) is filled out by 
the navigator, using the information provided, and computations. In figure 1403 the 
information shown typed is supplied by the Division Commander, and is on the form 
when received at preflight briefing. It is good practice for the navigator to check 
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this information for accuracy. The information shown in handwriting is filled in by 
the navigator. Data for the alternate airports are entered at the bottom of the form. 

The various entries in the flight plan (fig. 1403) are interpreted as follows: 

Column 1. TO—The check points or geographical coordinates indicating the end 
of segments of the flight. These points, prescribed by the Division Commander, are 
selected and labeled on the following basis: 

(1) The flight plan check point, control zone boundary, or compulsory reporting 
point, within 150 nautical miles from departure, which approximates the position at 
which the aircraft normally will have completed the climb phase. On those routes 
where no check points, control zone boundaries, or compulsory reporting points exist 
within 150 nautical miles from departure, the first zone on the flight plan is terminated 
at 100 nautical miles. 

(2) The check point or geographical coordinates for which the corresponding 
distance in column 14 is, or most closely approximates, 25% of the flight plan distance. 

(3) The check point or geographical coordinates for which the corresponding 
distance in column 14 is, or most closely approximates, 50% of the flight plan distance. 

(4) The check point or geographical coordinates for which the corresponding 
distance in column 14 is, or most closely approximates, 75% of the flight plan distance. 

(5) The destination, or 100% of the flight plan distance. 

For flights of less than 1,500 nautical miles paragraphs (2) and (4) are not used 
by MATS. That is, the flight is divided into only 3 zones by check points (1), (3), 
and (5). 

Column 2. ZONE NUMBER—Prescribed by the Division Commander, as a 
further breakdown of the segments of column 1. 

Column 3. ALTITUDE—Planned pressure altitude (not density altitude), pre- 
scribed at briefing. 

Column 4. TEMPERATURE—Forecast temperature in degrees Celsius (centi- 
grade), supplied at briefing by the Aerological Officer. Temperature entry is not 
needed when constant true air speeds are utilized for flight planning purposes. 

Column 5. WIN D—Forecast wind direction in degrees, and speed in knots, sup- 
plied at briefing by the Aerological Officer. 

Column 6. TAS—Cruising true air speed in knots, prescribed at briefing. 

Column 7. GS—Ground speed in knots, determined by the navigator, from TAS 
and predicted wind. 

Column 8. ZONE DISTANCE—The distance within the zone, in nautical miles, 
supplied by the Division Commander. For the alternates, distance is that from the 
destination or departure field. 

Column 9. ZONE TIME—The time within the zone, expressed in hours and 
minutes; determined by the navigator from distance (col. 8) and ground speed (col. 7). 

Column 10. TOTAL TIME—The cumulative total of entries in column 9, except 
that, in any given zone during which the aircraft will be in a climb phase, the entry 
for column 10 is increased by one-half minute per thousand feet of expected climb. 
One-half minute figures are customarily carried to the next higher whole minute. In 
the example (fig. 1403), zone time for the first zone is increased by 5". Determined 
by navigator. 

Column 11. FUEL FOR COLUMN 10—The estimated pounds or gallons of fuel 
(from table 1402) to be used for the time in column 10 corresponding to each of the 
check points designated in column 1. Fucl entries are not required for other zones. 
In this example, fuel is expressed in gallons. Determined by the navigator from table 
1402. 
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Column 12. RES—The number of pounds or gallons representing the prescribed 
percentage of the fuel entry in column 11. The normal en route reserve rate is 10%. 
Computed by the navigator. 

Column 13. TOTAL FUEL—The sum of the corresponding entries in columns 
11 and 12. Computed by the navigator. 

Column 14. TOTAL DIST—The cumulative total of zone distances (col. 8), 
supplied by the Division Commander. 

Column 15. TC—True course, expressed as a three-digit group; supplied by the 
Division Commander. For the alternates the course is that from the destination or 
departure fields. 

Column 16. DRIFT CORR—Drift correction, plus or minus; determined by the 
navigator. 

Column 17. TH—True heading, expressed as a three-digit group; determined by 
the navigator. 

Column 18. VAR—Magnetic variation, plus or minus; supplied by the Division 
Commander. 

Column 19. MH—Magnetic heading, expressed as a three-digit group; deter- 
mined by the navigator. 

Column 20. A. WIND COMP—Tail wind component. The algebraic difference 
between ground speed and true air speed entrics (col. 7 minus col. 6), expressed as & 
plus term when the GS is greater than the TAS, and a minus term when the TAS is 
greater than the GS. Computed by the navigator. 

B. COMPUTATIONS—The average tail-wind components (from col. 20. A.) 
for the first and second halves of the flight, computed by the navigator. 

Item 21. ENROUTE FLIGHT TIME—Total flight time from takeoff to arrival 
over destination (col. 10). 

Item 22. TIME TO ALTERNATE—Flight time from destination to alternate 
(col. 9). 

Item 23. HOLDING TIME—The prescribed value, usually 1% hours. If no 
alternate is available, use 2 hours, or the time specified by the officer exercising opera- 
tional control. 

Item 24. TOTAL TIME—The sum of items 21, 22, and 23. 

Item 25. FUEL FOR ITEM 24—The number of pounds or gallons required for 
item 24, based upon an appropriate cruise control chart or standard fuel consumption 
chart (table 1402). 

Item 26. % OF FUEL FOR ITEM 21—Enter before %, the rate used to compute 
en route reserve. The number of pounds or gallons to be entered in item 26 is the 
same as the final entry in column 12. 

Item 27. FUEL FOR ITEMS 25 AND 26—The sum of items 25 and 26. 

The “actual” column of items 28 through 31 1s completed only when there is a 
variance between planned and actual total service as indicated in item 31. 

Item 28. EXTRA FUEL 

PLAN NED—The number of pounds or gallons in excess of item 27 planned 

to be aboard the aircraft, usually 0. 

ACTUAL—The number of pounds or gallons in excess of item 27 actually 
aboard at the time the aircraft clearance is filed. 

Item 29. TAKE-OFF FUEL 

PLANNED—The sum of items 27 (planned) and 28 (planned). 
ACTUAL—The sum of items 27 (planned) and 28 (actual). 
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Item 30. TAXIING AND RUN-UP FUEL—The number of pounds or gallons 
required for taxiing and run-up, as specified. Planned and actual entries should be 
identical. 

Item 31. TOTAL SERVICE 

PLANNED—The sum of items 29 (planned) and 30 (planned). 
ACTUAL—The sum of items 29 (actual) and 30 (actual). 

Item 32. ETP IN MILES—Distance to equal time point, in miles. 
DISTANCE—Point of departure to destination; final entry column 14. 
GSra—Ground speed return from the approximate mid-point to the point of 

departure. Apply average forecast wind component for approximate first half 

of intended flight (col. 20. B.) to TAS (col. 6) reversing sign (175+ 18=193). 
GSc—Ground speed ahead, from approximate mid-point to the destination. 

Apply average forecast wind component for approximate last half of intended 

flight (col. 20. B.) to TAS (col. 6), with sign as given (175+ 10=185). 

By formula, distance to ETP is 1,094 miles (see art. 1013). 
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Item 33. TIME TO ETP—Time to equal time point. 

ETP—ETP in miles (item 32). 

GS—Ground speed to ETP as determined by the algebraic sum of the TAS 
(col. 6) and the average forecast wind component for the approximate first half 
of intended flight (col. 20. B.). (175—18=157.) 

1094 


By formula, time to ETP= 157 =6"58™, 


Item 34. TIME TO PSR(t)—Time to point of safe return. In MATS opera- 
tions, the computation of a point of safe return is required only when directed by the 
officer exercising operational control. 

T—“Actual”’ fuel (item 29), less holding reserve (1% hours) and fuel required 
to proceed to departure station alternate. T is expressed in time, and determined 

by means of a fuel consumption table (table 1402). 

Example: 

1. Item 29 actual fuel (3,385 gal.) expressed in time (from table 1402) is 16° 
43™. 

2. Departure station holding reserve is 1% hours (regardless of distance). 

3. Time to departure station alternate is 3™ (col. 9). Total of 2. and 3., 

1? 337 

4. Tis 16° 43"—19 337=15" 10™. 
GS.—Ground speed return, from item 32. 
GS,—Ground speed out, point of departure to approximate mid-point, from 

item 33. 

GS,+GS, is equal to 2 TAS. 
By formula, time to PSR is 8° 22™ 


Gre 193 


os ei Saree es =922"), 
157+193 
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Item 35. PSR IN MILES—Distance to point of safe return, in miles. 
t—Time to PSR (item 34). 
GS,—Ground speed out, from item 34. 
By formula, PSR in miles is 1,314. 


(8" 22™X 157=1,314.) 


1404. Range control chart (fig. 1404).—One of the duties of the navigator on a 
long-distance flight is to prepare a range control chart, often popularly called a howgozit 
curve. Figure 1404 illustrates the curve for the example in article 1403, on the standard 
Military Air Transport Service form (MATS 26). 

Chart construction data (from Standard Flight Plan, fig. 1403 recorded in box at 
bottom of chart). 

Column A. POINTS—From column 1. 

Column B. COLUMN 13 FUEL—From column 13. 

Column C. PERCENT OF EXTRA FUEL—The percentage of extra fuel as 
indicated in item 28 appropriate to each numerical check point, as follows: 


Point No. 1— 0% Point No. 4— 75% 
Point No. 2—25% Point No. 5—100% 
Point No. 3—50% 


Column D. FUEL B+C.—The sum of the corresponding entries in columns 
B and C. 

Column E. COLUMN 14 DISTANCE—From column 14. 

Range control graph. 

FUEL SCALE—Fuel graduations are made on the left-hand margin, starting with 
zero pounds or gallons at the lower left-hand corner and progressing vertically in 
numerically equal increments with appropriate spacing to permit accommodation of 
actual take-off fuel (item 29 (actual) of the Standard Flight Plan). 

DISTANCE SCALE—Mile graduations are made along the bottom, starting with 
zero miles at the left-hand corner and progressing horizontally in numerically equal 
increments, with appropriate spacing to permit accommodation of total distance (col. 
14 of the Standard Flight Plan). 

TAKE-OFF FUEL—Actual take-off fuel (item 29 (actual) of the Standard Flight 
Plan) is represented by a horizontal line originating on the fuel scale and terminating 
at the vertical line representing total distance to destination (col. 14 of the Standard 
Flight Plan). 

TOTAL DISTANCE—Total distance to destination is represented by a vertical 
line originating on the distance scale and terminating at the horizontal line represent- 
ing actual take-off fuel. The appropriate place name of destination (Travis AFB) is 
indicated on the vertical line. 

MAXIMUM CONSUMPTION CURVE—A curve, usually shown in red, showing 
the maximum amount of fuel an aircraft can have consumed at any point of the flight, 
and expect to have the required reserve at destination. This curve, labeled “MAX’’, 
is plotted from the chart construction data at the bottom of the chart, using column D 
if extra fuel is carried, otherwise column B. The segment of the total distance vertical 
line above the maximum consumption curve is bracketed and labeled “A and H FUEL” 
(alternate and holding fuel). 
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Ficure 1404.—Range Control Chart. 
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EQUAL TIME POINT—ETP in miles (item 32 of the Standard Flight Plan) 
is represented by a vertical line intersecting the maximum consumption curve and 
labeled “ETP.” 

POINT OF SAFE RETURN—PSR in miles (item 35 of the Standard Flight Plan), 
if computed, is represented by a vertical line intersecting the maximum consumption 
curve and labeled ‘‘PSR.”’ 

ADDITIONAL CONSUMPTION CURVES—are not required by MATS, 
except when the destination of an aircraft is changed while en route. At any selected 
point in flight, additional curves may be plotted as described below, to adjust the 
original maximum-fuel-consumption line, determine the aircraft’s ability to overfly 
the original destination, or arrive at any other landing point with the required fuel 
reserve. The following procedures apply in determining additional curves, regardless 
of the new destination. 

(1) Compute miles flown to present position. 

(2) Determine from a chart the distance from present position to new destination. 

(3) Determine total distance by adding (1) and (2). 

(4) Represent the new total distance (3) by a vertical line originating on the dis- 
tance scale and terminating on the horizontal line representing take-off fuel. 

(5) Determine the estimated flight time from present position to new destination 
using: 

(a) The distance from present position to new destination (2). 
(b) Average TAS. 
(c) Average wind component based upon the best available information. 

(6) From a fuel consumption table (table 1402), determine the total fuel required 
from present position to new destination, using the time found by adding: 

(a) Estimated en route flight time to new destination (5). 
(b) Estimated flight time to alternate. 
(c) Holding time. 

(7) Subtract the fuel obtained in (6) from the take-off fuel (item 29, actual). 

(8) On the graph, plot miles flown (1) vs. fuel (7). 

(9) Connect (8) and that point on (4) representing take-off fuel minus alternate 
and holding fuel. This is the new “MAX.” 

Example.—Distance from the point of departure is 1,000 miles, and flight time is 
6522™. Distance from present position to new destination is 1,450 miles, and estimated 
flight time is 8°07™. 

Required —New MAX curve. 

Solution (using the numbered steps as given above).— 

(1) 1,000 miles, given. 

(2) 1,500 miles, given. 

(3) Total distance is 1,000+ 1,500=2,500 mi. 

(4) Plot (fig. 1404). 

(5) 8°07, given. 

(6) Since no alternate is given, 2 hours are used for alternate and holding time. 
(8907+ 2°=10"'07™.) Enter table 1402 with 6°22” to determine the fuel which should 
have been used to reach present position, 1,426 gals. Then enter table 1402 to deter- 
mine the fuel for the entire flight time (6"22™+10"07™=16"29™), 3,342 gals. Sub- 
tract: 3,342—1,426=1,916 gals. 

(7) 3,385—1,916=1,469 gals. 

(8) Plot the point 1000 mi. vs. 1,469 gals. 
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(9) Connect the point located in step (8) with the appropriate point on the new 
destination line. The alternate and holding fuel is the difference between that needed 
for total time in the air (3,342 gals. for 16°29™) and that needed for arrival over the 
new destination (2,967 gals. for 14°29™), or 375 gals. Subtract this from the total 
fuel on board at take-off (3,385—375=3,010). The final point of the new curve is 
at the point represented by 3,010 gallons at the new destination line. 

The new MAX is indicated by a dashed line on the range control chart (fig. 1404). 

If the actual fuel consumption at the ‘‘present’’ position is greater than that 
determined in step (7), some of the reserve fuel can be expected to be used in reaching 
the new destination. 

1405. In-flight procedure.—At intervals during the flight, entries are made in the 
log form provided at the lower right-hand corner of the range control chart, and the 
fuel actually consumed is plotted against distance flown, as shown in figure 1404. 
The positions of these points relative to the curve are of considerable interest. In fact, 
the principal reason for preparing the chart is to provide a convenient source of this 
information. It is this relationship that indicates how the flight is “going,” hence the 
popular name, a “howgozit” curve. If the plotted points are below the maximum 
consumption curve, the actual fuel consumption is less than predicted. But if the 
points are above the curve, the fuel consumption is greater than planned. This might 
occur if unexpected headwinds are encountered, incorrect power settings are used, or 
a blunder has been made in computing the data or plotting the curve. 

With a high fuel consumption rate, the question arises as to whether the flight 
should be continued to the planned destination. Decision in this matter is based upon 
consideration of all available information. If an error is discovered, or if later weather 
information indicates a large discrepancy between winds to be expected and those 
used in the original planning, it may be desirable to draw a new curve, based upon a 
new computation of the total fuel needed. Whether the reduced reserve fuel con- 
stitutes a safe margin depends upon its amount, distance to go, probable accuracy 
of wind forecasts during the remainder of the flight, probability of reduced visibility 
and heavy traffic at the terminal, and perhaps other considerations. The position of 
the alternate relative to the planned destination should be considered. Favorable, or 
less unfavorable, winds may be available at a different altitude. All these, and any 
other considerations which are applicable at the time, should be taken into account. 

As the equal time point is approached, the decision as to whether to proceed or 
turn back becomes more urgent, and at the point of safe return, it becomes critical. 
One should not forget that when conditions are not as predicted, the ETP and PSR 
lines can also be in error. If the cause of the discrepancy is unfavorable winds, these 
lines are little affected, the new positions probably being slightly to the left of those 
shown on the diagram. But for any other cause, these lines are likely to be moved 
considerably toward the left—the dangerous direction. 

1406. Postflight analysis.—After every flight, the graph should be studied care- 
fully by the pilot and navigator, and an attempt made to account for all discrepancies 
between predicted and actual results. The effectiveness of attempted remedial actions 
should be evaluated. This experience should help develop the judgment that will 
prove valuable in the future. 

1407. Jet cruise control has essentially the same objective as that for propeller- 
driven aircraft; the ability to reach the destination with the required reserve for delays 
and possible diversion to an alternate airport. The operational characteristics of jet- 
powered aircraft, however, require more consideration of weight, speed, altitude, and 
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nonstandard temperature variations. Flight planning starts with the fuel desired 
over destination and then proceeds by adding increments of requirements in inverse 
order: descent, cruise, and climb. The range control chart shows a plot of fuel on 
hand vs. miles to go, against which the navigator plots the measured quantity of fuel 
aboard for the times of his fixes. These points should plot above the fuel-required line. 
The point of safe return is shown, as is the critical point, which marks the point of 
safe return in the event of failure of one engine. 

Normally, jet aircraft do not fly at constant altitude. Climb is rapid until the 
stabilizing height is reached, at which engine thrust equals the drag of the aircraft. 
The cruising phase begins at this time. Altitude during cruise depends upon weight 
and air temperature. Weight becomes less as fuel is consumed, and the aircraft 
generally climbs. A decrease in air temperature increases the thrust and increases 
the rate of climb. An increase in air temperature flattens or eliminates the climb. 
Consequently, the descent is started from a lower altitude and more fuel is consumed. 
Since the descent normally starts from a much higher altitude, more importance is 
attached to these phases than with propeller-driven aircraft. 

The many variables in jet engine operation increase the complexity of jet cruise 
control. Because of the high fuel consumption of jets, generalized procedures are not 
attractive. It is customary to devise and use the best technique for each type aircraft. 


CHAPTER XV 
PRESSURE PATTERN NAVIGATION 


1501. Cause of Wind.— Pressure pattern navigation is the selection and control 
of a flight path or track by considering the atmospheric pressure pattern, in order to 
take advantage of the most favorable wind conditions. 

Wind is air in motion. It is set in motion by the operation of certain forces. One 
of these is gravity, which gives air its weight and thus creates atmospheric pressure 
which is exerted in every direction, including the horizontal. If a pressure difference 
arises in the atmosphere, a gradient force exists. This causes air to move outward from 
the area of higher pressure in an attempt to equalize the pressure. 

The direction of a gradient force is toward an area of lower pressure. However, 
except at the equator, air does not move in the direction of the gradient force because of 
(1) Coriolis, and (2) centrifugal forces. As applied to wind, these are considered 
apparent forces because they affect the motion of air relating to the rotating earth, but 
not in space. Another force, friction, is also present, to oppose and thus modify the 
resultant force. Friction is greatest at the ground, due to surface irregularities. For 
most. purposes it can be considered negligible at altitudes of more than 1,500 feet above 
the surface. However, it is always present in some degree between two masses of air in 
motion relative to each other. 

Coriolis and centrifugal forces are parallel to each other, either in the same or the 
opposite direction, and hence they may either reinforce or oppose each other. The 
direction in which they act is perpendicular to the direction of motion of the mass 
upon which they act. As explained in article 2122, Coriolis results from the earth’s 
rotation, and causes a mass moving over the earth to appear to accelerate to the night 
in the northern hemisphere, and to the left in the southern hemisphere. It is greatest 
at the poles, and zero on the equator. Centrifugal force results from the inertia of a 
mass; that is, its reluctance to change its state of rest or uniform motion in a straight 
line. It is essentially independent of latitude. 

In figure 1501a, 47 is a mass of air initially at rest, being acted upon by a frictionless, 
gradient force which is assumed to have everywhere the same direction. As Af moves, 
at an accelerating speed, its path diverts from a straight line because of the net de- 
flecting force which in this case is the difference between the Coriolis and centrifugal 
effects. The three forces acting upon /M are shown in the figure. As the path con- 
tinues to curve, the direction of the deflecting force comes into opposition with the 
gradient force. At this point (AZ’) the forces are balanced and no further curvature or 
linear acceleration takes place. Centrifugal force vanishes, and the mass continues 
to move at constant speed in a direction perpendicular to that of the gradient force. 

In figure 1501a the direction of the gradient force is assumed for simplicity to be 
everywhere the same. This is not ordinarily the case, the directions of the gradient 
force diverging at different points around a high pressure area, and converging around 
a low pressure area. (See fig. 1501b.) In either case, neglecting friction, the final 
motion of the air is the same relative to the pressure gradient; 90° to the mght of the 
gradient force in the northern hemisphere, and 90° to the left in the southern hemisphere. 
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Figure 1501a.—Forces on air particle. 





Figure 1501b.—Gradient forces around high and low pressure systems, 


1502. Representation of pressure gradients on a weather map is generally accom- 


In the older method, employed for general meteoro- 


logical purposes, the pressure distribution of the atmosphere is shown by lines, called 


plished by either of two methods. 


If the map 


represents conditions at the surface of the earth (with equivalent sea level pressures 


bars, connecting all points having the same atmospheric pressure. 
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being used for elevated areas), it is called a surface pressure chart (fig. 1502a). 


Digitized by Google 
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110° 100° 90° 80° 
Figure 1502a.—Surface pressure chart. 


represents the pressure distribution at a specified altitude above sea level, it is called a 
constant altitude chart (fig. 1502b). Usually, isobars are drawn for every three milli- 
bars (art. 415) of pressure difference, the assigned isobaric values always being divisible 
by three (999, 1002, 1005, etc.), but for some purposes, other spacing may be used. 
Isobars form closed curves around areas of high and low pressure (if extended far enough), 
much as contour lines surround areas of high and low elevations. The spacing between 
consecutive isobars is an indication of the horizontal pressure gradient, the rate of change 
of pressure with horizontal distance. A pressure gradient is said to be “steep” or 
‘weak’? depending upon whether the isobars are close together or far apart, respectively. 
A “weak” gradient results from a ‘‘flat’’ pressure system. 

The second and newer method of representing pressure distribution, and that most 
useful in pressure pattern navigation, employs the concept of a pressure surface. As 
explained in chapter IV, when an aircraft flies at a constant pressure altitude, its 
actual height above sea level is not necessarily constant, becoming greater in a high 
pressure area, and lower in a low pressure area. Thus, if the altimeter setting is 29.92, 
and the aircraft continues to fly at 10,000 feet calibrated altitude, the atmospheric 
pressure at the aircraft is 696.9 millibars (table 415a). As long as the calibrated 
altitude is held at 10,000 feet, the outside pressure remains 696.9 mb, although the 
aircraft may ascend or descend several hundred feet. This constant pressure can be 
considered as a surface like a rubber sheet, on which this aircraft and all others flying 
at a pressure altitude of 10,000 feet are located (fig. 1502c). This surface bulges up- 
ward in areas of greater atmospheric pressure, and sinks downward as pressure decreases. 
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Figure 1502b.—Constant altitude chart, 5,000 ft. level. 
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The bulges and depressions of the surface can be represented by contours just as peaks 
and valleys of the earth can be shown by contour lines on a topographic chart. <A 


chart which is contoured to show variations in the true height (above sea level) of a 
constant pressure surface is called a constant pressure chart (fig. 1502d). 


oo 


40° : 





Figure 1502d.—700 mb constant pressure chart. 


A constant pressure chart predicting conditions at a future time, usually the 
approximate mid-time of a flight, is called a prognostic contour chart. A composite 
contour chart is a constant pressure chart based upon the pressures expected to be 
encountered by an aircraft while en route. Since experience at several terminals 
indicates the adequacy of a mid-time prognostic contour chart, the extra effort involved 
in preparing a composite contour chart is not considered justified for pressure pattern 
techniques presently in use. A constant pressure chart is sometimes identified by the 
height represented, as the “700 millibar chart” (9,882 feet standard height). 

A variation of the constant pressure chart has been suggested but has not yet been 
generally adopted. By this method, difference between standard height of the surface 
and the actual height at the time represented by the chart is shown, rather than heights 
themselves. That is, heights are reckoned from the standard height of the surface 
rather than from sea level. This difference from standard height is called dee (D), 
and a line connecting points of equal height difference is called an isodee, from which 
the popular expression isodee chart (a constant pressure chart) is derived. Isodees, 
like contours, are usually shown at 200-foot intervals, but other spacings are sometimes 
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used. They are labeled plus (+) when the surface is higher than standard, and minus 
(—) when lower than standard. The relative height of two points of a constant 
pressure surface is independent of the reference level used for indicating height. Thus, 
if at point 1 the absolute height is h,, and the dee height is D,, and at point 2 these are 
h, and Dz», respectively, the difference in height at the two points is either h,—h,, or 
D.— Dj. 

1503. Wind circulation.—As explained in article 1501, air in which frictional 
effects are negligible, moves perpendicularly to the gradient force, and therefore paral- 
lel to the isobars. When the isobars are curved, such a wind is called gradient wind, 
defined as steady, horizontal, atmospheric motion parallel to curved isobars in an un- 
changing pressure field when the pressure gradient, Coriolis, and centrifugal forces 
are in balance. The wind shown in figure 1501b is a gradient wind. Under some 
conditions, isobars and pressure contours are approximately straight, as at several 
points in figure 1502d. Wind blowing along straight and parallel isobars or pressure 
contour lines, as at M’in figure 1501a, is called geostrophic wind. A geostrophic wind 
is therefore a special case of the more general gradient wind. For the purposes of 
pressure pattern navigation, it is sufficient to remember that above the zone of friction, 
wind blows approximately parallel to the isobars or contour lines, whatever their 
shape, in such a direction that the low pressure area is to the left (facing downwind) 
in the northern hemisphere, and to the right in the southern hemisphere. The circula- 
tion, counterclockwise in the northern hemisphere, around a low pressure area (cyclone) 
is called cyclonic circulation, and the circulation, clockwise in the northern hemisphere, 
around a high pressure area (anticyclone) is called anticyclonic circulation. In cyclonic 
circulation (in either hemisphere), the centrifugal effect augments the Coriolis effect, 
and hence equilibrium requires higher gradient forces and consequently, faster wind 
speeds. Aircraft flying at constant pressure altitudes north of the equator tend to 
drift to the right when the true altitude decreases, and to the left when the true altitude 
increases. Drift is in the opposite direction in the southern hemisphere. 

1504. Geostrophic wind equation.—Meteorologists have long been familiar with 
the relationships between altitude, pressure, and wind, but before the development of 
an absolute altimeter there was no practical method of making direct use of this knowl- 
edge in flight. In an aircraft equipped with both a pressure altimeter and an absolute 
altimeter, it is now possible over oceans to measure the true height of a pressure surface, 
and then to compute the amount and direction of drift since the last observation. As 
explained in article 1501, a gradient wind blows parallel to the pressure contours. For 
simplicity in pressure pattern navigation, these contours are assumed to be straight 
and parallel. Consequently, the wind is considered geostrophic, with speed given by: 


yae/2e(h2—h) 
S sin Lm 
where V=wind speed in ft./sec. 
g=acccleration due to gravity, 32.16 ft./sec.? 
w=the angular speed of rotation of the carth, in radians per second: 
27 _ 2a 
mean solar seconds in one sidereal day 86,164 
h,—h,=the difference in height between two points on a constant pressure sur- 

face, expressed in feet, 

S=the distance along the pressure gradient (measured normal to the con- 
tour lines) between the points, expressed in nautical miles, 

Lm=the mid latitude between the points. 
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This simplifies to: 





ho—h, 
V=kK-—.—_ 
S 
where V is expressed in knots, h.—h, in feet, S in nautical miles, and 
K= ae 
sin Lm 


The constant 21.49 is derived as follows: 
In the basic equation 
_ g/2w(he—h,) 
~~ §sin Lm 
_ 27 
earth’s sidereal period of rotation 
_ 27 
~ 24 sidereal hours” x 60" /he X 60°/m 
_ 27 
~ $6,400 sidereal seconds in one sidereal day 
_ 27 
~ 86,400 X 365.26/366.26 mean solar seconds 
27 
~ 86,164 mean solar seconds in one sidereal day 
Thus ee ft./sec./see- 
2(23/86,164 see-) 
__ 32.16 ft./sec. 
~ 0.0001458 
= 220,425 ft./sec. 
__ 220,425 ft./sec. X (ho—h,) He 
7 Sam X sin Lm 
To convert S from nautical miles to fect 
__ 220,425 ft./sec. XK (he—h,) 
6076.1 f& XS X sin Lm 
__ 36.277 X (he—h)) ft./see. 
7 S sin Lm 
To convert to knots (1 ft./sec.=0.5925 knots) 
36.277 X 0.5925 (ha—h,) 


Then V 


S sin Lm 
__ 21.49 (h2.—h,) knots 
~ - SsinLm 
If Reiss yak ech) 
sin Lm, S 
h,.—h, 


Since —— is the value of the pressure gradieni in feet per mile, the formula re- 
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duces to K times the gradient. Values of K corresponding to various latitudes are 
given in table 1504. Before July 1, 1954, the United States value of the nautical mile 
was 6,080.2 feet. Using this instead of 6,076.1 in the derivation, one obtains 21.47 for 
the constant, instead of 21.49. Older discussions use the smaller value, resulting in 
two of the K factors being different from those shown in table 1504, as indicated by 
asterisks. 

The speed of the geostrophic wind is the rate at which an aircraft drifts perpen- 
dicularly to the direction of the pressure gradient. If the heading is parallel to the pres- 
sure gradient, maximum pressure change occurs, and drift is perpendicular to heading. 
For any other heading, the change in pressure is less, and the drift perpendicular to the 
heading is proportionally reduced. Whatever the heading relative to the pressure gra- 
dient, the equation gives the speed of the effective cross-wind component of the geo- 
strophic wind. In the northern hemisphere, this drift is to the right if flving ‘““down’’ 
the gradient (h3—h, is negative) and to the left if flying “up” the gradient (ha—h, 
is positive). In the southern hemisphere the directions are reversed. The reliability 
of this method decreases with lower latitudes. Within 20° of the equator, the method 
should not be used. 

Example.—At a point in latitude 30° N the height of the 700 mb surface is 10,400 
feet. At a point in latitude 36° N, 600 miles away, it is 9,860 feet. 

Required.—The speed of the cross-wind component of the geostrophic wind, and 
the direction of the resulting drift. 


TABLE 1504.—K—factors 














33 39 47 29 61 | 25 15 22 89 21 











*For the length of the nautical mile in use prior to 1954, the K value for lat. 43° was 31 and for lat. 88° was 21. 


Solution.—Pressure sradienhs 2c h,_ 9,860— 10,400 





S ~~ 600 
aS) 040 2 
aa =(—) 0.900 ft./mi. 
K=39 (table 1504, mid lat. 33° N) 


V=39 X (—) 0.900=(—) 35.1 knots 


Since the result is negative and latitude is north, drift is to the mght. 
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This solution can be performed on the slide-rule side of the E-10 computer. Set 
hs—h, (—540) on the miles scale opposite S (600) on the minutes scale. Opposite the 
mid latitude (33°) on the latitude scale, read the cross-wind component (—35K) on the 
miles scale. 

1505. Geostrophic and gradient winds.—The explanation given above relates to 
geostrophic wind, which has a straight path. Usually, the wind around an actual 
pressure system follows a curved path. Hence, the application of the geostrophic 
equation to an actual situation generally introduces an error. However, under average 
conditions, the error in computed drift is small enough that it can be ignored. 

If the speed of the gradient wind (curved path) is desired, 1t can be found by suitable 
formulas, or by applying a correction to the geostrophic wind speed, but this procedure 
is not customary in air navigation. The correction, given in Smithsonian Meteorological 
Tables, depends upon the latitude, the radius of curvature of the wind path at the point 
of observation (not the same as the distance from the center of lowest or highest pres- 
sure), and the speed of the geostrophic wind. It is additive for anticyclonic winds, 
and subtractive for cyclonic winds. That is, gradient winds tend to be stronger than 
geostrophic winds around a high, and weaker around alow. Actual cyclonic winds are 
generally stronger than anticyclonic winds because the pressure gradient is generally 
greater around a low. The correction is greatest at low latitudes and small radii of 
curvature, and increases rapidly at higher wind speed. 

1506. Lateral drift——The number of nautical miles that an aircraft is displaced 
laterally (in a direction perpendicular to its heading), usually called lateral drift (LD), 
is equal to the speed of the cross-wind component times the time of flight. However, 
lateral drift can be found directly, without a knowledge of cross-wind component and 
time of flight. In the geostrophic wind equation (art. 1504) 

h.—h, 





let S be the air (no wind) distance between two points. Multiplying both sides by the 
time of flight between points (T), VT=K (he—h,) T/S. But VT'=the lateral drift 
(LD) in nautical miles, and T/S=1/TAS, the reciprocal of the true air speed. Hence, 


h.—h, 
SS TAS 

Neither time nor distance appears in this equation, and hence for particular values 
of K (mid latitude) and TAS, the lateral drift depends solely upon the difference in 
heights of the pressure surface at two points. Thus, the method provides a convenient 
means of determining average drift if the height of a constant pressure surface can be 
measured at two points along the track. 

Suppose that an aircraft maintains a constant pressure altitude for a period of 
time, as half an hour. As shown in figure 1506a, it follows a pressure surface in the 
atmosphere, and the absolute altitude (h) of the aircraft at points A and B is also the 
altitude of the pressure surface at those points. These altitudes can be inserted in the 
formula to determine the amount of lateral drift. 

As stated above, the quantity (hg—h,) is the difference in the height of a constant 
pressure surface. Each value of h may be determined by flying at the desired pressure 
level, as indicated by the pressure altimeter, and reading the absolute altimeter. Since 
the pressure altitude is the same at both readings, the difference between the readings of 
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Figure 1506a.—Aircraft at a constant pressure altitude follows constant pressure surface. 


the two altimeters (D) might be used instead of the reading of the absolute altimeter 
(h), with the same result. That is (D,—D,)=(h,—h,). Thus, if pressure altitude at 
both readings is 10,000 feet, and absolute altimeter is 10,400 feet at the second reading 
and 9,800 at the first reading, D, is 10, 400—10,000=400 feet, and D,=9,800— 10,000 = 
(—)200. Then h,—h,=10,400—9,800=600, and D,—D,—400—(—)200=600. 

If the aircraft is exactly at the desired pressure altitude at both readings, the use 
of (hz—h;) is simpler. But the aircraft may be a little high or low when the readings 
are made. The use of (D2—D,) avoids troublesome corrections when the aircraft is 
approximately at the desired pressure level. Thus, in figure 1506b, an aircraft at A 
finds its absolute altitude to be 10,100 feet and its pressure altitude to be 10,210 feet. 
The correction (D,) is therefore 10,100—10,210=(—) 110 feet. Some time later at B 
the true altitude is 10,210 feet and the pressure altitude is 10,100 feet. Dz, is there- 
fore 10,210—10,100=(+-)110 feet. If TAS is 200K and the mid latitude between 
A and B is 46° N, the lateral drift is 








ge Dy Dy 

Lh ae 
leat) 10 
ay 200 
=30) eo (+) 33 miles 


Since the result is positive (up-gradient), the aircraft in north latitude drifts 33 
miles to the left between A and B. 
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Figure 1506b.—Difference of altitudes measures slope of pressure surface. 


This method assumes that the vertical pressure lapse rate is standard. Within 
perhaps 200 feet of the desired pressure level, the error introduced by this assumption 
is generally small. However, since some error may be introduced, an effort should be 
made to take readings on or close to the desired pressure level. 

1507. Pressure lines of position.—Since lateral drift is displacement perpendi- 
cular to the heading (art. 1506), it indicates how far an aircraft has been blown to one 
side of its heading line between height observations (points A and B in fig. 1507a). 
If point A is a fiz, the amount of lateral drift at B is the number of miles the aircraft 
is right or left of the heading line at the time of the B observation. Therefore, a line 
parallel to the heading line, at a distance away equal to lateral drift, is a line of position, 
commonly called a pressure line of position. Note however, that if A is not a fix, the 
lateral drift at Bis not the offset since a fix, and therefore is not a line of position. It 
can be used to establish the rate of drift (or this can be found directly as indicated 
in art. 1504), from which an estimated line of position can be determined, if it can be 
assumed that the rate has not changed since the last fix. Like any line of position, one 
obtained by lateral drift can be advanced, retired, or crossed with another line of 
position to obtain a fix. 

Example (fig. 1507a).—The 0900 position of an aircraft is lat. 42° 26’ N, long. 
162° 55’ W, TH 120°, TAS 240K. At 0900 and 0920 the navigator determines true 
altitude by radio altimeter, and pressure altitude by pressure altimeter (altimeter 
setting 29.92), as follows: 


by |, ee ae Co Re LA | Se A, Ae ee ae 0920 
True BINS bn es Seo Le 0G fet. ee pcasds = 17,800 feet 
Pressure altitude_______- TOGO TOOt wo recs 17,940 feet 
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42°N 





163°W 


FictreE 1507a.—Plotting a pressure line of position. 


Required.—Compute the lateral drift between 0900 and 0920 and plot the 0920 
pressure line of position. 





Solution.— 
AMMO tradi csc tiene tobe ee teleeis 0900 0920 
A eee te ce 2 oan ee aaes 18, 090 17, 800 
| Cg ne nN et mE ea rete nN One 18, 090 17, 9-40 
| en ar ere 0 D,(—)140 
LD=32 Sess AU Ul = 18.7 miles nght 


240 

Answer.—18. 7 miles right. | 

If one or more changes of heading are made between observations, the effective 

heading line and effective TAS are obtained by joining the fix and NW position. The 
pressure line of position is parallel to the effective heading, as shown in figure 1507b. 


Effective TH and TAS 0929 





0900 





PRESSURE 


Figure 1507b.—A pressure line of position is parallel to effective heading. 
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For strict accuracy the heading and TAS should be determined by means of the 
fix and NW position in the pressure pattern. While the aircraft is en route from A to B 


(fig. 1507c), the whole pressure system 
has moved somewhat, so that, relative 
to the pressure system, point A has 
moved with the low to A’ by the time 
the aircraft reaches B. The direction 
A’B is the effective heading, and the 
length of this line is the effective dis- 
tance. However, since AA’ is generally 
small in relation to AB, it can be ignored 
without significant error, except in the 
case of very slow-moving aircraft such as 
helicopters. 

1508. Bellamy drift.—If the lateral 
drift (LD) from the air (no-wind) posi- 
tion at the time of the second altitude 
observation is plotted, as shown in figure 
1508a, and the end of this line connected 
with the air position at the time of the 
first observation, a right triangle is formed 
by this line, the heading line, and the 
lateral drift line. 

In this triangle, the drift angle (DA), 
can be found from the equation 

ign A iateral drift 
air distance 
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FicureE 1507c.—A pressure line of position is 
affected by movement of pressure system. 


Figure 1508a.—Bellamy drift. 


Digitized by Google 


390 PRESSURE PATTERN NAVIGATION 


A small angle is approximately equal to 60 times its tangent. For conditions normally 
encountered, therefore, 
60*LD 
air distance 
__ 60XLD 
~ air distance 
_ 60 LD 
~ TASX time in hours 
Thus, in the previous example for TAS 240K, time 26" and ILD (— ) 19 miles 
_ 60X(— Lee en eu 
~ 240X0.333 anaes oe 
As before, a negative sign indicates that dr a isright. The approximate drift correction 
angle (DCA) is therefore 14° left. 
Drift angle can be found in a single computation, without an intermediate solution 
for lateral drift, by substituting the formula for LD in the DA formula 


D.—D, 
LD=k— TAS 


60xXtan DA= 











60XLD 
TASXT 


60 (K D.—D,) 
_ TAS — 
~ TASx T 


60 K (D:—D,) 
~ PAST 
After inserting the values in the example given above, 
DA= 60X32 (—140) 
240 K 240 XK 0.333 
=14°R 

Drift computed from altitude readings alone is called Bellamy drift after its 
American originator, Dr. John C. Bellamy. Bellamy drift, or pressure drift, is the 
angle subtended by the lateral drift line. That 1s, it is that drift attributable only 
to the cross-wind component of the wind. When a strong wind blows at an acute 
angle to the heading line, the actual drift angle may be somewhat. greater or less 
than the Bellamy drift, but the difference is small for winds normally encountered. 
This is illustrated in figure 1508b, which shows several possible headings in a con- 
stant pressure gradient, with a geostrophic wind of 401 from 000°. As shown in 
the figure, (1) Bellamy drift approximates true drift, (2) a predicted wind having LD 
as the cross-wind component results in a DR on the pressure line of position, and 
(3) the mtersection of the LD line and the pressure line of position is usually not the 
DR position. 

Unlike a pressure line of position, which requires knowledge of the height of the 
pressure surface (or equivalent information) at a known position, Bellamy drift is 
independent of position, except for approximate mid latitude fer determining the K 
factor. Unlike drift determined by a single observation, Bellamy drift is an average 
over the period between observations. It provides a check on drift determined by 





DA= 
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Ficgure 1508b.—Bellamy drift approximates true drift. 


other means and sometimes a way of obtaining drift when no other method is avail- 
able. It is particularly useful in high northern latitudes, where other means may not 
be available for hours at a time. It is subject to the error due to shift of the pressure 
pattern, discussed in article 1507, and an error introduced when a strong wind blows 
at an acute angle to the heading line. If the drift angle is large, the approximate 
relationship of the angle to its tangent should not be used. But, it can be of great 
value if used intelligently by one who understands its limitations. By combining 
Bellamy drifts on two or more headings differing considerably from each other, one 
can obtain an approximate value of true wind. 

If simultaneous absolute and pressure altitudes are observed at regular intervals, 
as every half hour, the consecutive D values (D,, Dz, Ds, ete.) are those usually re- 
quired on transoceanic flights for transmission of routine weather reports in the POMAR 


or"> 
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code (position operational meteorological aircraft reports). (See H.O. Pub. No. 206, 
Radio Weather Aids, Vol. I.) If the current altitude difference is compared with that 
at departure (D,—D,, D;—D,, Di—D,, ete.), the resulting lateral drift and drift angle 
are the net since departure. 

1509. Pressure pattern navigation is a modern application of old sailing ship 
techniques. The clipper ship captains had some knowledge of the prevailing winds, 
but many of them knew very little about atmospheric pressure systems. The more 
successful captains planned their voyages to take advantage of favorable winds, and 
to avoid unfavorable winds. They sometimes followed one route out and another 
route coming back. They knew that the shortest route was not always the fastest one. 

The shortest distance between two points on the earth’s surface is approximately 
along a great circle. For aircraft, this is also the route of least time if there are no 
winds, or if the winds along the route are constant. These conditions rarely exist, and 
usually the time of flight can be shortened by selecting a route to one side of a great circle, 
where more favorable winds are to be found. However, deviations from the great- 
circle course are beneficial only to the extent that the increase in distance along the 
new course is more than offset by an increase in ground speed. The minimum-time 
path is not the same for all air speeds. Thus, an aircraft with a true air speed of 300 
knots need not be diverted as far from the great-circle course as one with a true air 
speed of 200 knots, under the same weather conditions, to gain a proportional reduction 
in time. Pressure pattern navigation is not in general use over land because the exact 
elevation of the ground beneath the aircraft is usually not known with sufficient 
accuracy. 

1510. The single drift principle—The application of drift correction angle is in 
such direction that the aircraft heads more directly into the wind, thus reducing the 
ground speed. This is illustrated in figure 1510a, in which AB (AC,, AC,, etc.) repre- 
sents air speed. If an aircraft wishes to fly in the direction AB, and there is no wind, 
both the heading and course are in the direction AB, and both air speed and ground 
speed are equal to the length of AB. However, if the wind is from the right, and is 
perpendicular to the course, and of such speed that a drift correction angle of 10° is 
needed, the heading-air speed vector is AC,, and the course-ground speed vector is AD, 
a little less than AB. The effect of a wind correction angle of 20° is shown at C, 
and D,. The effects of larger wind correction angles are shown in increments of 10°, 
to the extreme case of 90°, where the wind is exactly equal to the air speed, in which 
case the aircraft could not proceed directly toward B, and by heading in direction AC, 
it could maintain its position at A. A heading m any other direction would result in 
a downwind component of motion. At greater wind speeds the aircraft could not even 
maintain position. Such speeds have been encountered. The most extreme case 
which has been reported was the experience of an aircraft which was blown back while 
flying at air speed of 400K. 

The desirable smaller correction angle can be obtained in either of two ways: 
(1) by increasing air speed, or (2) by selecting a route more nearly downwind. For a 
nearly constant air speed, the second alternative may be the most promising. The 
individual drift corrections normally applied to maintain a single course vary consid- 
erably during a long flight, due to local variations in the windflow pattern, but the net 
drift over the entire course may be very small. 

If the aircraft. compensates only for the net drift, the ground speed is increased, 
but the length of the track is also increased. Under some conditions the increased 
ground speed more than compensates for the added distance, resulting in reduced time 
of flight. As shown in figure 1510b, an aircraft flying on a direct route from A to @ 
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Figure 1510a.— Effect of relative wind on ground speed and drift. 
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Figure 1510b.—Heading and track are changed around pressure system. 
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through the center of a low pressure area must first crab into the wind along a heading 
such as AB in order to maintain the desired track. After the center of the low is 
passed at D, the direction of drift is reversed, and the heading becomes DE. In 
either case, ground speed is less than air speed, BC and EF being the amounts of drift. 
_A-second aircraft (fig. 1510c) flying from A to G at the same TAS heads directly toward 
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Figure 1510c.—Minimum time course depends upon weather pattern. 


G. The net lateral drift for the whole flight is zero in this case, the cross-wind component 
taking the aircraft through P at the approximate mid-point. However, the aircraft is 
carried into regions of more favorable winds, and the total elapsed flight time from 
A to G via P is less than via D. In addition, the second aircraft avoids the worst 
weather near the center of the low pressure area. 

The benefits to be derived from the single heading technique are a result of (1) 
decreased drift correction angle, and (2) more favorable winds. Under some conditions, 
the drift is into an area of less favorable (or more unfavorable) winds, and the net re- 
sult is an increase in time. Consider figure 1510d. The direct great-circle route from 
A to B is one along which winds are likely to be light and variable. The single drift 
route (broken line) reduces the drift correction angle, but carries the aircraft into a 
region of unfavorable winds. One effect may well balance the other, so that average 
ground speed is unchanged, while distance is increased. As shown in the figure, a 
composite course may be faster than either the direct or single drift correction course. 

This serves to illustrate an important principle of all pressure pattern navigation. 
Unless used intelligently, after a study of the existing and predicted pressure pattern, 
and an evaluation of the probable effect of the technique under consideration, pressure 
pattern navigation can have the opposite effect to that desired, resulting in longer, not 
shorter time. 
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Figure 1510d.—A composite course may be desirable to take 
advantage of winds. 


1511. The single drift flight.—All that is needed for determining the single drift 
correction angle is the height of the pressure layer at the point of departure and the 
destination or the corresponding D-values. For most accurate results these should be 
for the same time, preferably forecast for the mid time of the flight. The single drift 
correction is then found by the formula of article 1508 


_ 60K (D.—D,). 
DA=—TAS?XT 


Since the value of T can be approximate only, until planning for the flight is complete, 
and even then may be considerably in doubt if the pressure pattern between terminals 
is imperfectly known, an alternative procedure may sometimes be preferable. By this 
method LD is computed as in article 1506 
D.—D, 
ati a 
A circle is then drawn on the chart with the destination as the center and LD as the 
radius. Next, straight lines are drawn from the point of departure, one to the des- 
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tination and the other tangent to the circle, on the side opposite to the direction of drift. 
The angle between these two lines is the drift correction angle, as shown in figure 151 1a. 


& Heading Line 
G 





Figure 151la.—Allowing for single average drift. 


A single drift flight is one in which a single drift correction is used throughout the 
flight. If an accurate directional gyro is available, the correction is applied to the single 
great-circle course between the point of departure and the destination. If a magnetic 
compass is used, the same drift correction is used for each leg of the flight. Ifa rhumb 
line is to be followed approximately by means of a magnetic compass, a single true 
heading is used for the entire flight. This may be called a single heading flight, 
although the expression is sometimes used loosely to apply to any single drift flight. 

When detailed weather along the route is uncertain or unreliable, little is to be 
gained by attempting to compute any flight data other than the single drift correction 
(single heading) for the flight. A mental estimate of the predicted track and the total 
flight time by an experienced navigator is probably as accurate as any mathematical 
computations, in the absence of adequate forecast data. 

However, if a reliable prognostic chart is available and the contours fall in a well- 
defined pattern, the approximate track can be determined in advance. Points on this 
track may be determined by plotting the net lateral-drift displacement in nautical 
miles at various points along the heading line. In each case D, is the value at the 
selected point, and D, is the value at the point of departure. In the northern hemisphere, 
calculated lateral drift values for contours lower than that at the origin (down-gradient) 
are plotted to the right of the heading line, and values for contours higher than at the 
origin (up-gradient) are plotted to the left of the heading line. The single drift cor- 
rection (SDC) track is approximated by a line connecting the ends of the drift lines, 
as shown mm figure 1511b. 

The head- or tail-wind component can be determined in a manner similar to that. 
for finding lateral drift. The method is illustrated in figure 1511c. The predicted 
track is plotted on a constant pressure chart. A pair of dividers is adjusted until its 
points are a distance apart equal to TAS. The dividers are then placed perpendicular 
to the heading at the point of departure, with the points equally spaced on each side 
of the track. The height of the pressure surface at each prong (D, and D,) is read from 
the chart, and D, the difference of heights, 1s reeorded. D is marked (+) or (—) 
according as lower pressure is to the left or right of the track. The resulting GS com- 
ponent is the tail-wind component, @ minus sign indicating a head wind. The procedure 
is repeated along the track at cach point at which a wind shift is expected (points 1, 2, 
3,4). The average of D.-D, at the beginning and end of each section is determined 
and used in the LD formula. 


PRESSURE PATTERN NAVIGATION 397 


me SLOW: tat alae 


‘GREAT CIRCLE COURSE \ 





ceo | 
’ ' is} ° 
9210’ 9200! 
—_» ‘ e 


Figure 1511¢e.—Finding head-wind component along course. 
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The relative values of D, and Dy, as well as the pressure pattern (contours), indicate 
whether the component is increasing or decreasing the speed. A knowledge of ground 
speed permits determination of flight time. Thus, the GS between departure and 
point 1 in figure 1511c, if TAS is 200K and Lm is 45°: 
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tination and the other tangent to the circle, on the side opposite to the direction of drift. 
The angle between these two lines is the drift correction angle, as shown in figure 1511la. 
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FicureE 1511la.—Allowing for single average drift. 


A single drift flight is one in which a single drift correction is used throughout the 
flight. If an accurate directional gyro is available, the correction is applied to the single 
great-circle course between the point of departure and the destination. If a magnetic 
compass is used, the same drift correction is used for each leg of the flight. If a rhumb 
line is to be followed approximately by means of a magnetic compass, a single true 
heading is used for the entire flight. This may be called a single heading flight, 
although the expression is sometimes used loosely to apply to any single drift flight. 

When detailed weather along the route is uncertain or unreliable, little is to be 
gained by attempting to compute any flight data other than the single drift correction 
(single heading) for the flight. A mental estimate of the predicted track and the total 
flight time by an experienced navigator is probably as accurate as any mathematical 
computations, 1n the absence of adequate forecast data. 

However, if a reliable prognostic chart is available and the contours fall in a well- 
defined pattern, the approximate track can be determined in advance. Points on this 
track may be determined by plotting the net lateral-drift displacement in nautical 
miles at various points along the heading line. In each case D, 1s the value at the 
selected point, and D, is the value at the point of departure. In the northern hemisphere, 
calculated lateral drift values for contours lower than that at the origin (down-gradient) 
are plotted to the right of the heading line, and values for contours higher than at the 
origin (up-gradient) are plotted to the left of the heading line. The single drift cor- 
rection (SDC) track is approximated by a line connecting the ends of the drift lines, 
as shown in figure 1511b. 

The head- or tail-wind component can be determined in a manner similar to that 
for finding lateral drift. The method is illustrated in figure 1511¢e. The predicted 
track is plotted on a constant pressure chart. A pair of dividers is adjusted until its 
points are a distance apart equal to TAS. The dividers are then placed perpendicular 
to the heading at the point of departure, with the points equally spaced on each side 
of the track. The height of the pressure surface at each prong (D, and D,) is read from 
the chart, and D, the difference of heights, 1s recorded. D is marked (+) or (—) 
according as lower pressure is to the left or right of the track. The resulting GS com- 
ponent is the tail-wind component, a minus sign indicating a head wind. The procedure 
is repeated along the track at each point at which a wind shift is expected (points 1, 2, 
3,4). The average of D,-D, at the beginning and end of cach section is determined 
and used in the LD formula. 
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Figure 15ll1l¢e.—Finding head-wind component along course. 
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The relative values of D, and D,, as well as the pressure pattern (contours), indicate 
whether the component is increasing or decreasing the speed. A knowledge of ground 
speed permits determination of flight time. Thus, the GS between departure and 
point 1 in figure 1511c, if TAS is 200K and Lm is 45°: 
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In figure 1511c the ground speed for each section of the flight is determined in this 
manner for a TAS of 200K, with the following results: 


GS compo- 
Lm(°) — nent (knots) GS (knots) 
Departure—point 1_.__________-- eee 45 — 26 174 
Point: 1 point 22.32 etcetera eer ce ee oe 44 —17 183 
Point: 2==point 382.222 c24ucceGecsncclieeceeueesces 43 —2 198 
Point $=-p0int 42.5 523. eel ie ett sete 43 +10 210 
Point 4—destination._____...._.-_--_--_---------- 44 +3 203 


Between points 2 and 4 the SDC track is indicated by a straight line because there is 
no net drift between the points. The actual predicted track is indicated by the broken 
line. 

Single drift flights are easy to plan and execute, can be used without knowledge 
of conditions between terminals, and are even applicable over land, as long as the height 
of the pressure surface is known at the two terminals. However, the single drift route 
is seldom the path of least time, although it is generally a faster route than the great 
circle. 

1512. Minimum-time paths.—The selection of the path of absolute minimum 
time would require complete knowledge of the pressure system between terminals, and 
an involved mathematical integration. Even if this were possible and justified, the 
route would be a curved one (usually a three-dimensional curve) which would be diffi- 
cult to define, and more difficult to fly. The practical solution is a simplified procedure 
that results in a close approximation to the minimum. 

Perhaps the simplest of these approximate solutions is that used by commercial 
airlines. A number of alternative standard routes are established. ‘The one repre- 
senting least time under existing pressure conditions is selected. Several altitude 
levels along each route may be considered. With experience, one can select the quick- 
est route by inspection of the pressure pattern, or two or three of the most promising 
can be selected for computation to determine which one is the quickest. under the pre- 
vailing weather conditions. The route selected is flown conventionally, or each leg of 
it is flown as a single drift flight. 

Various other techniques have been suggested, and while some of these are in 
limited use, they are too time-consuming for routine use. 

Consideration of the pressure pattern in flight planning is a relatively recent 
innovation, still undergoing evaluation and development. Thus far, most planning 
has been essentially two-dimensional. For propeller-driven aircraft an entire flight, 
except for initial climb and final let-down, is made at one pressure level. This is not 
true for jet-powered aircraft, which are allowed to climb during the cruise phase of the 
flight. (See art. 1407.) The recent recognition of the jet stream—very fast-moving 
air (west to east) in limited regions of the upper atmosphere—has opened new possi- 
bilities, exploitation of which has only begun. A person may be justified in increasing 
the length of his route considerably if by so doing he can take advantage of winds of 
one hundred to several hundred knots. As air speeds increase, winds exert less influence 
upon flight times. At 600 knots one is not justified in adding many miles to his route 
to gain an increase of 10 to 15 knots ground speed. But the addition of 100 knots is 
worth considering at any speed likely to be used in the immediate future. 

1513. In-flight procedure.—The planning phase of pressure pattern navigation 
necessarily depends upon forecast conditions. Since the technique of forecasting is 
still far from perfect, and since synoptic reports seldom provide full coverage of the 
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route, actual conditions encountered may differ considerably from those anticipated. 
Therefore, a valuable contribution to the effectiveness of pressure pattern navigation 
can be made by intelligent study of conditions encountered during the flight and, when 
justified, in-flight alteration of the flight plan. 

The first step, then, is to verify the forecast. Probably the most common method 
in use over water is the periodical comparison of the actual height of the pressure sur- 
face with the forecast height. If the aircraft flies exactly at the calibrated pressure 
altitude of a standard pressure surface such as the 700 mb (9,880 feet pressure altitude) 
or 500 mb surface (18,280 feet pressure altitude), direct readings of the true height of 
the pressure surface can be taken from the absolute altimeter and compared with the 
forecast height. However, the assigned flight pressure altitude is frequently different 
from the altitude of one of the standard pressure surfaces for which charts are drawn. 
Therefore, it is necessary to compute the existing height of the charted standard- 
pressure surface. This can be accomplished either by (1) pressure-height tables or 
(2) E-10 or similar computer. (1) The tabular method (tab. 1513) is the easier of 
the two. The table is entered with flight-level temperature and flight-level pressure 
altitude. The tabulated value is added algebraically to the absolute altitude to give 
the true height of the desired standard-pressure surface. This true height is then 
compared with the forecast value for the corresponding point on the navigator’s pres- 
sure-surface chart. Table 1513 assumes an average pressure lapse rate between the 
altitude of the aircraft and the standard altitude of the pressure surface, at the corre- 
sponding temperature. When the lapse rate is abnormal, the method becomes less 
accurate as the altitude of the aircraft departs from the standard altitude of the charted 
pressure surface. However, the error is small for lapse rates usually experienced if 
the pressure-surface chart is drawn for a surface whose standard altitude is within a 
few thousand feet of the assigned flight altitude. 


TaBLE 1513.—True Height of 500 mb Pressure Surface 


Flight-level Temperature (°C) 
































Aircraft 
 tetade —s0° | —45° | —40° | —35° —30° | —25° | —20° | -15° | -10° | —s8° | 0° +5° | +10° | +15° | +20° 
(feet) | | | | 
| 
16,000..../ 1984 2028 | 2073 | 2117-2162 | 2206 | 2251 | 22065 | 2340 | 2384 | 2429 | 2473 | 2518 | 2562 ' 2607 
16,500....; 1555 1590 1625] 1659 1694 | 1729 | 1764 | 1799 | 1834] 1869; 1903 | 1938 | 1973 | 2008; 2043 
17,000....[ 1123 1148-1173} 1198 | 1228 | 1248 | 1273 | 1298 | 1324] 1349 | 1374 | 1399 | 1424] 1450) 1475 
17,500....] 687 702717 | 733) 748] 763) 779] 794 | 810] $25) 841, 856] 871 | 887 | 902 
18,000....| 248 253 258} 264 269! 275] 281) 26° 22] 27! «303 309) 314!) 320! 325 
18, 500....] —195 —20 —204 | —29 -—213 ) —217 | —221 | —226 ~—20 | —235 | —239 ~243 | —248 | —252 | 957 
19,000. ...) —641 | 656 — 670 | —685  —699 | —713 | —728 | — 742) —757 | —771 | —785 —3x00 | —814 | —829 —843 
19,50)... j—1001 -—1116 —1140 !-1165 —1189 |—1216 |—1283 |— 1262 ud —1311 |}—1336 |-1361 {-1385 '-1410 —1434 
20,000....i-1545 —1579 —1614 ee —1683 |-1712 |—1752 ae —1821 |-- 1856 |—1891 ,—1926 fe ee _~2030 
| | 








To be added to true altitude. 


Computation of table 1513: 
Ta X 
Ts D 
Ta=actual temperature at flight altitude, °K ((K=°C+273). 
Ts=standard temperature for flight pressure altitude. From table 415a. 
D=differenee in feet between (1) standard altitude of the desired pressure 


surface (table 415c) and (2) observed flight pressure altitude, (+) if 
(1)> (2), and (—) if (1)<(2). 


where 
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X= tabulated value=difference in feet between actual height of the desired 
pressure surface under present conditions and the absolute altitude of 
the aircraft. Applied according to its sign to the absolute altitude of 
aircraft above sea level. 


Ezxample.—An aircraft is flying over the ocean at a pressure altitude of 17,000 
feet. The outside air temperature is (—) 10° C. 

Required.—The correction to be applied to the absolute altitude of the aircraft 
to obtain the existing altitude of the 500 mb constant-pressure surface. 

Solution.— 

Ta X 
Ts D 
Ta=273°— 10°=263° K 
Ts=273°— 18°7=254°3 K 
D= 18,280—17,000=(+)1,280 feet 
263 xX 
254.3 (+) 1280 
X=correction=(+) 1,324 feet 

If a table similar to table 1513 is not available, the computations can be performed 
on an E-10 computer, using the following procedure: 

(a) Subtract the pressure altitude (at flight level) from the standard altitude of 
the desired standard-pressure surface (table 415a). 

(b) In the altitude computation window of the E-10, match the observed flight 
level temperature and the observed pressure altitude. 

(c) Opposite the difference found in (a) above on the inner (minutes) scale, find 
correction (c) on the outer (miles) scale. 

(d) Add (c) to the absolute altitude of the aircraft if the standard altitude of the 
desired pressure surface is higher than the flight-level pressure altitude, and subtract 
if lower. 

A simpler and more direct method of doing this, if an isodee chart (art. 1502) is 
available, is to compare periodically the D values encountered with those predicted. 
If the aircraft is within a few hundred feet of the pressure level for which a forecast is 
available, the height differences can be compared directly. For this reason it is advan- 
tageous to plan flights at heights for which predictions are made, usually the 700, 500, 
300 (and in some cases 200 and 100) millibar levels. If the flight is not at one of these 
standard levels, the forecast D value to use for comparison with that encountered can 
be determined by interpolation or extrapolation, using prognostic charts for two levels. 

If the direction of the wind can be determined at various points along the route, 
this information can be used with the observed height or D values to construct small 
sections of the contours, preferably at the same values for which the chart is constructed. 
Comparison of the direction and spacing of these contours with information on the 
prognostic chart will often provide an indication of the magnitude and direction of 
errors in the entire pressure system as shown on the chart. 

Another indication of discrepancies between forecast and actual conditions is 
provided by Bellamy drift. The drift expected along any part of the flight can be 
computed in advance by taking heights from the prognostic chart or D values from an 
isodee chart, if available. Comparison of these predicted drifts with those computed 
in the same manner but using heights or D values measured en route indicate the 
accuracy of the forecast. 
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When radio contact is established with the destination, the weather information 
available there can be used to verify and supplement the observations made en route. 
All information available from any source should be utilized to continually revise one’s 
estimate of the pressure pattern. Under some conditions, alterations to the original 
flight plan will be desirable to take advantage of the pressure system encountered. 
These are made in accordance with the principles and techniques discussed in this 
chapter. Experience is the best guide, and until such experience is obtained, one 
would do well to exercise caution in making radical changes. 

For well-traveled, transoceanic routes the over-all weather forecasting is usually 
very good. The errors result primarily from the difficulty in predicting the somewhat 
erratic movement of pressure systems. Each navigator can contribute to the accuracy 
of forecasts and the availability of correct current information by making regular and 
accurate POMAR reports (art. 1508) during the flight. 
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If the aircraft is within a few hundred feet of the pressure level for which a forecast is 
available, the height differences can be compared directly. For this reason it is advan- 
tageous to plan flights at heights for which predictions are made, usually the 700, 500, 
300 (and in some cases 200 and 100) millibar levels. If the flight is not at one of these 
standard levels, the forecast D value to use for comparison with that encountered can 
be determined by interpolation or extrapolation, using prognostic charts for two levels. 

If the direction of the wind can be determined at various points along the route, 
this information can be used with the observed height or D values to construct small 
sections of the contours, preferably at the same values for which the chart is constructed. 
Comparison of the direction and spacing of these contours with information on the 
prognostic chart will often provide an indication of the magnitude and direction of 
errors in the entire pressure system as shown on the chart. 

Another indication of discrepancies between forecast and actual conditions is 
provided by Bellamy drift. The drift expected along any part of the flight can be 
computed in advance by taking heights from the prognostic chart or D values from an 
isodee chart, if available. Comparison of these predicted drifts with those computed 
in the same manner but using heights or D values measured en route indicate the 
accuracy of the forecast. 
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When radio contact is established with the destination, the weather information 
available there can be used to verify and supplement the observations made en route. 
All information available from any source should be utilized to continually revise one’s 
estimate of the pressure pattern. Under some conditions, alterations to the original 
flight plan will be desirable to take advantage of the pressure system encountered. 
These are made in accordance with the principles and techniques discussed in this 
chapter. Experience is the best guide, and until such experience is obtained, one 
would do well to exercise caution in making radical changes. 

For well-traveled, transoceanic routes the over-all weather forecasting is usually 
very good. The errors result primarily from the difficulty in predicting the somewhat 
erratic movement of pressure systems. Each navigator can contribute to the accuracy 
of forecasts and the availability of correct current information by making regular and 
accurate POMAR reports (art. 1508) during the flight. 


CHAPTER XVI 
NAVIGATIONAL ASTRONOMY 


1601. Introduction.—Astronomy is the science which deals with the size, constitu- 
tion, motions, relative positions, etc., of celestial bodies. Navigational astronomy is 
that part of astronomy of direct use to a navigator, comprising principally celestial 
coordinates, time, and the apparent positions and motions of celestial bodies with 
respect to the earth. 

1602. The solar system.—The sun, the most conspicuous celestial object in the 
sky, is the center of the solar system. Associated with it are at least nine principal 
planets, of which the earth is one; thousands of smaller planets called asteroids; multi- 
tudes of comets, which are swarms of relatively small, widely separated, solid bodies 
held together by mutual attraction; and vast numbers of meteors, which are tiny, solid, 
individual bodies, which become visible when heated to incandescence bv passage 
through the earth’s atmosphere. A meteor which survives the fall through the atmos- 
phere and strikes the earth as a solid body is called a meteorite. 

All of these bodies are held captive by the gravitational attraction of the sun, 
even though all are moving through space at high speed. The combination of the 
speed of each body, and the gravitational attraction of the sun, causes the various 
members of the solar system to move around the sun in closed elliptical paths called 
orbits, of varying degrees of eccentricity. Some of the planets themselves have 
captive bodies which revolve around them. Such bodies are called satellites. The 
moon is the only satellite of the earth. The planet Jupiter has 11 known satellites, 
two of which are larger than the planet Mercury. No satellites have been discovered 
for the planets Mercury, Venus, or Pluto. 

The bodies of the solar system rotate on their axes and revolve about their 
primary (the sun or planet). In addition, they accompany the sun in its motion about 
the center of its galaxy and the whole galaxy is perhaps in motion relative to its neigh- 
bors. Since no means of establishing a fired point in space has been devised, the 
absolute motion of any body is unknown. The motion of the solar system relative to 
surrounding stars is called space motion. 

1603. Astronomical distances.—The distances between celestial bodies, even those 
within a single family such as the solar system, are so vast that special units are used 
to express them. Two of these in common use are the astronomical unit (AU) and the 
light-year. 

An astronomical unit is the mean distance between the earth and the sun, 92,900,000 
statute miles. This unit is used for indicating distances within the solar system. 

Large as this unit is, it is inadequate for indicating distances between stars and 
galaxies. For this purpose the light-year is used. This is the distance light travels in 
l year. Since the speed of light is about 186,282 statute miles (161,875 nautical miles 
or 299,792 kilometers) per second, and there are about 31,600,000 seconds in 1 year, the 
length of 1 light-year is about 5,880,000,000,000 (5.88X10'*) statute miles, or 63,300 
astronomical units. Alpha Centauri and its neighbor Proxima, generally considered 
the nearest stars to our sun, are 4.3 light-years away. Relatively few stars are less 
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than 100 light-years away and the most distant galaxies thus far observed are 1.6 
billion light-years away. For comparison, it takes light only about 84 minutes to travel 
the mean distance of the sun from the earth and 114 seconds to arrive from the moon. 

A still larger unit of distance is occasionally used in astronomy. This is the parsec, 
the distance at which a fixed star would change its apparent position by 1’’ of arc if 
measured from opposite ends of a diameter of the earth’s orbit around the sun. The 
name is derived from the first letters of parallax and second. One parsec is equivalent 
to approximately 3.26 light-years. 

1604. Orbits in the solar system.—The orbits of all members of the solar sys- 
tem except the sun are ellipses. An ellipse is an elongated circle, or a closed, plane 
curve such that the sum of the distances from any point on the curve to two fixed points 
is constant. Each of the two fixed points is called a focus and the two are called foci. 
In figure 1604a the curve ADBE is an ellipse. AB 1s the major axis, C is the center, 
DE ‘is the minor axis, and F and G are the 
foci. Distance PF+PG is equal to P’ F+ D 
P’G and both are equal to the major axis, 
AB, since AF=GB, and AG+AF= 
AG+ GB=AB. 

The amount of flattening of an ellipse 
is called its eccentricity and is equal to 
the distance between the foci divided by 
the major axis. In figure 1604a, the ec- 
centricity is equal to the ratio FG/AB, or, 
as usually given, CF/CA. The eccentric- 
ity of a circle is zero; and of an ellipse, 
is greater than zero but less than 1. If 
the eccentricity is 1, the figure is a 


A 





parabola, and if greater than 1, it is a E 

hyper bola. A planet, like any other FiagurE 1604a.—The sum of the distances from 
body TnOVINE fr eely rps gute, tends to any point on an ellipse to the two foci is con- 
move in a straight line. However, the stant and equal to the major axis. 


gravitational force of the primary body 

pulls it inward toward the primary. Thus the earth is falling toward the sun at the 
same time that its momentum tends to keep it moving in a straight line. These two 
motions result in a closed path around the sun. The direction of motion of a mov- 
ing body in a gravitational field is of interest in astronomy, in the navigation of 
guided missiles, and in the theoretical study of the possibilities of interplanetary 
navigation. 

In the solar system, the primary (sun or planet) is at one focus of the elliptical 
orbits of the bodies which revolve around it. The orbit of the earth, like those of the 
other planets, is nearly circular, its eccentricity being only 0.017, so that the focus is 
nearly at the center. Figure 1604b shows the orbit of the earth with the eccentricity 
greatly exaggerated. When the earth is at perihelion, the point nearest the sun, its 
distance is 91,300,000 miles. This occurs early in January. Sixmonths later, early in July, 
the earth is at aphelion, the point farthest from the sun, where its distance is 94,500,000 
miles. The average of these two figures, 92,900,000 miles, is the length of one astro- 
nomical unit (art. 1603). 

Except for the sun, the planets are the principal bodies of the solar system. Figure 
1604c shows relative sizes of the orbits of the planets. The planets themselves cannot 
be shown on a diagram of this size. If the earth were shown 0.1 inch in diameter, 
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Perihelion 
(January) 





(October) 


Fiacure 1604b.—Earth’s orbit around sun. 


the sun would be a circle 10.8 inches in diameter at a distance of 97 feet, and the planet 
Pluto would be a circle 0.05 inch in diameter at a distance of nearly three quarters of 
a mile. Based upon distance from the sun (fig. 1604c), principal planets are logically 
divided into two groups; the inner planets and the outer planets, as follows: 


Inner planets Outer planets 
Mercury Jupiter 
Venus Saturn 
Earth Uranus 
Mars Neptune 

Pluto 


Planets are also classified according to whether their orbits are smaller or larger 
than that of the earth. Those with smaller orbits are called inferior planets and those 
with larger orbits are called superior planets. As seen in figure 1604c, the planets are 
thus classified as follows: 


Inferior planets Superior planets 
Mercury Mars 
Venus (The asteroids) 
(Earth) Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 


The asteroids (minor planets) of which more than 1,500 have been discovered and of 
which the largest, Ceres, has a diameter of only 480 miles, have orbits which in general 
lie between Mars and Jupiter. <A few of the asteroids have highly eccentric orbits, that 
of Hidalgo being shown by the broken line in figure 1604c. Most of the asteroids have 
diameters of less than 50 miles, and many aresmaller than 1 mile. There are undoubtedly 
much smaller ones which are too tiny to be seen from the earth. In fact, there is no 
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basis for supposing that any clear dividing line exists between asteroids and meteors. 
None of the asteroids is used in celestial navigation. | 

The following generalizations apply to all planets: 

1. The orbits are almost circular. 

2. All of the orbits are in nearly the same plane. 

3. The planets rotate on their axes and revolve around the sun in the same direc- 
tion; that is, from west to east (counterclockwise as seen from the north pole of the earth). 

The asteroids, Mercury, and Pluto conform less consistently to the first two of 
these generalizations, although their departures are generally small. 





Figure 1604¢.—Orbits of the principal planets. 


Comets do not exhibit the regularity observed in planets. Their orbits are highly 
eccentric, are not limited in angle to the plane of the planets’ orbits, and they travel 
either eastward or westward. Although a large number of comets has been observed, the 
sidereal periods of some are so long that the total number is uncertain. The shortest 
period is about 3.3 years and relatively few have periods of less than 100 years. Most 
comets are not visible to the unaided eye and none has a tail unless near the sun. The 
tail always extends in a direction away from the sun, thus preceding the solid body as 
the comet rounds the sun and starts away from it. A very spectacular comet, 
Halley’s, passed aphelion in 1948 and is expected back as a visible object in the sky 
in 1986. Some groups, called families, have similar orbits, probably being influenced 
by the larger planets. 

1605. Inferior planets.—The orbits of the inferior planets, Mercury and Venus, lie 
inside the orbit of the earth (art. 1604). Figure 1605a shows the orbit of Venus relative 
to that of the earth. At V; and V3, Venus is in line with the sun, as seen from the 
earth. At V, Venus is at superior conjunction and at V3; it is at inferior conjunction. 
As seen from the sun, the planet at V; is in conjunction with some distant point in 
space, as star yw, and the time elapsed between two such conjunctions is called the 
sidereal period of the planet. 

As the planet moves from V, to V2, the angle as seen from the earth between the 
sun and the planet. increases until it reaches a maximum at V2. This angle is called 
the planet’s elongation and is designated east or west as the planet is cast or west of 
the sun, respectively. The position at V2 represents the point of greatest elongation 
east. 
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At V; the planet is again in line with the sun, this time between the earth and the 
sun. At this position the planet is at inferior conjunction. At V, the planet is at 
greatest elongation west. 

In figure 1605a the earth is considered to be stationary. Since the earth is revolv- 
ing in the same direction as the planet, all of the above events except the beginning 

and ending of a sidereal period are 

* delaved. Refer to figure 1605b. 
Suppose a sidereal period begins 

: when the earth and the inferior 

l planet Mercury occupy the posi- 
| tions indicated by subscript 1. Since 

: the length of the sidercal period of 
V, Mercury is 88 days, it returns to 
position Af, at the end of this period. 
The slower earth, having a sidereal 
period of a little more than 365 days, 
has moved 88/365, or nearly % of the 
way around its orbit to position £). 
Mercury, sul moving at the faster 
rate, overtakes the earth at some 
point £3, when Mercury is at A4, 
again at inferior conjunction. This 
occurs nearly 116 days after the pre- 
vious inferior conjunction at £4. 
The interval between two inferior or 
two superior conjunctions is called 
the synodic period. Thus, the 
sidereal period of a planet is the 
time elapsed between two inferior 
or two superior conjunctions of a 
distant point in space, whereas the 


1 





Earth 


Ficure 1605a.—Orbit of Venus, an inferior planet: V,, . - 7: . . 
; Rese , synodic period is the equivalent time 
superior conjunction; V., maximum elongation cast; : 


V3, inferior conjunction; V4, maximum elongation west. relative to a body in motion. 
The earth is here considered stationary. Inferior planets go through all 
phases as does the moon. They 
are in new phase at inferior conjunction, quarter phase at greatest elongation, and full 
phase at superior conjunction. They are in the gibbous phase much longer than in 
the crescent phase, as indicated by figure 1605a. The brilliancy of inferior planets 
varics considerably, both because of the phases and because of the great difference 
in distance from the earth. Venus, for example, may be quite dim at inferior con- 
junction, but some 36 days later it is about 12 times as bright as Sirius, the brightest 
star. It then slowly fades until it is about five times as bright as Sirius at superior 
conjunction; it slowly brightens until maximum brilliancy about 36 days before inferior 
conjunction, and then fades rapidly as it passes between the earth and the sun, to start 
the next cycle. 
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Venus has been called the 
twin sister of the earth, since it 
most nearly resembles the earth 
in size of orbit, diameter, and 
density. 

Mercury is seldom used in 
navigation because it is rarely in a 
favorable position for observation, 
never being far from the sun. 

1606. Superior planets are 
those whose orbits lie outside the 
orbit of the earth (art. 1604). 
Figure 1606 shows the orbits of the 
earth and Mars, as seen from above 
the northern hemisphere of the 
earth. At A4, Mars is in conjunc- 
tion. This is superior conjunction, 
but since superior planets are never 
in inferior conjunction, the adjec- 
tive ‘superior’ is not needed. At 
M, its elongation is 90° east, at 
which position it 1s in east quad- 
rature. At 4; it is in opposition, 
on the opposite side of the earth Ey 
from the sun. At MM, its elonga- Figure 1605b.—Orbit of inferior planet Mercury, showing 
tion is again 90° and it is in west positions at successive inferior conjunctions, 4f,E, and 
quadrature. M,E;. The time from E, to £3 is one synodic period. 

The synodic period of a su- 
perior planet is the interval between two successive conjunctions. For Mars it is about 
780 days. 

Superior planets are always in the full or gibbous phase. Mars, Jupiter. and 
Saturn are the only superior planets used in celestial navigation. 

1607. Kepler’s Laws.—Early in the seventeenth century, a German astronomer, 
Johannes Kepler (1571-1630), put into words three laws of celestial mechanics which 
govern the motions of planets. Kepler’s Laws are as follows: 

1. The orbit of each planet is an ellipse with the sun at one focus. 

2. Each planct revolves so that the line joining it to the sun (a radius vector) 
sweeps over equal areas in equal intervals of time. 

3. The squares of the sidereal periods of any two planets are in the same proportion 
as the cubes of their mean distances from the sun. 

The first of these laws has already been discussed in article 1604. The second law 
is illustrated in figure 1607. The ellipse represents the orbit of a planct, e. g. the earth, 
with the sun at focus S. Since area SPP’ is equal to area SAA’, the time required for 
the planet to move from P to P’ is the same as that from A to A’. Since the distance 
from P to P’ is greater than from A to A’, the velocity of the planct is greater at P than 
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At V; the planet is again in line with the sun, this time between the earth and the 
sun. At this position the planct is at inferior conjunction. At V, the planet is at 
greatest elongation west. 

In figure 1605a the earth is considered to be stationary. Since the earth is revolv- 
ing in the same direction as the planet, all of the above events except the beginning 

and ending of a sidereal period are 

* delayed. Refer to figure 1605b. 
Suppose a sidereal period begins 

| when the earth and the inferior 
planet Mercury occupy the posi- 

| tions indicated bysubscript1. Since 

: the length of the sidereal period of 
V, Mercury is 88 days, it returns to 
position Af, at the end of this period. 
The slower earth, having a sidereal 
period of a little more than 365 davs, 
has moved 88/365, or nearly \ of the 
way around its orbit to position F,. 
Mercury, still moving at the faster 
rate, overtakes the earth at some 
point 3, when Mercury is at At, 
again at inferior conjunction. This 
occurs nearly 116 days after the pre- 
vious inferior conjunction at 2,14. 
The interval between two inferior or 
two superior conjunctions is called 
the synodic period. Thus, the 
sidereal period of a planet is the 
time elapsed between two inferior 
or two superior conjunctions of a 
distant point in space, whereas the 


1 





Earth 


Figure 1605a.—Orbit of Venus, an inferior planet: Vj, : - 7: : . 
eens ee . synodic period is the equivalent time 
superior conjunction; V.,, maximum elongation east; 


V3, inferior conjunction; V,, maximum elongation west. relative to a body in motion. 
The earth is here considered stationary. Inferior planets go through all 
phases as does the moon. They 
are in new phase at inferior conjunction, quarter phase at greatest elongation, and full 
phase at superior conjunction. They are in the gibbous phase much longer than in 
the crescent phase, as indicated by figure 1605a. The brilliancy of inferior planets 
varies considerably, both because of the phases and because of the great difference 
In distance from the earth. Venus, for example, may be quite dim at inferior con- 
junction, but some 36 days later it is about 12 times as bright as Sirius, the brightest 
star. It then slowly fades until it is about five times as bright as Sirius at superior 
conjunction; it slowly brightens until maximum brillianey about 36 days before inferior 
conjunction, and then fades rapidly as it passes between the earth and the sun, to start 
the next cycle. 
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Venus has been called the 
twin sister of the earth, since it 
most nearly resembles the earth 
in size of orbit, diameter, and 
density. 

Mercury is seldom used in 
navigation because it is rarely in a 
favorable position for observation, 
never being far from the sun. 

1606. Superior planets are 
those whose orbits lie outside the 
orbit of the earth (art. 1604). 
Figure 1606 shows the orbits of the 
earth and Mars, asseen from above 
the northern hemisphere of the 
earth. At 4, Mars is in conjunc- 
tion. This is superior conjunction, 
but since superior planets are never 
in inferior conjunction, the adjec- 
tive “‘superior’”’ is not needed. At 
M, its elongation is 90° east, at 
which position it is in east quad- 
rature. At , it is in opposition, 
on the opposite side of the earth Ey 
from the sun. At MQ, its elonga- FiagurRE 1605b.—Orbit of inferior planet Mercury, showing 
tion is again 90° and it is in west positions at successive inferior conjunctions, M,E, and 
quadrature. M.E;. The time from E£, to E;3 is one synodic period. 

The synodic period of a su- 
perior planet is the interval between two successive conjunctions. For Mars it is about 
780 days. 

Superior planets are always in the full or gibbous phase. Mars, Jupiter. and 
Saturn are the only superior planets used in celestial navigation. 

1607. Kepler’s Laws.— Early in the seventeenth century, a German astronomer, 
Johannes Kepler (1571-1630), put into words three laws of celestial mechanics which 
govern the motions of planets. Kepler’s Laws are as follows: 

1. The orbit of each planet is an ellipse with the sun at one focus. 

2. Each planet revolves so that the line joining it to the sun (a radius vector) 
sweeps over cqual areas in equal intervals of time. 

3. The squares of the sidereal periods of any two planets are in the same proportion 
as the cubes of their mean distances from the sun. 

The first of these laws has already been discussed in article 1604. The second law 
is illustrated in figure 1607. The ellipse represents the orbit of a planet, e. g. the earth, 
with the sun at focus S. Since area SPP’ is equal to area SAA’, the time required for 
the planet to move from P to P’ is the same as that from A to A’. Since the distance 
from P to P’ is greater than from A to A’, the velocity of the planet is greater at P than 
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Figure 1606.—Orbit of superior planet Mars: 4f,, conjunction; Af,, quadrature (elongation east 
90°); Af, opposition; Af,, quadrature (elongation west 90°). 





Fictre 1607.—Kepler’s second law. Since area SPP’=area SAA’, velocity at perihelion is greater 
than at aphelion. 
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at A. In the figure P represents perihelion and A aphelion. Hence, a planet moves 
faster near perihelion than it does near aphelion. Partly for this reason fall and 
winter (September 23 to March 21), when the earth is nearer the sun, are about 7 days 
shorter than spring and summer (March 21 to September 23). 

In keeping with Kepler’s third law, planets nearer the sun revolve around it in less 
time than more remote planets. 

Table 1607 gives various data for the principal planets. 








TABLE 1607 
eGo aun ecoluten orbiter | NCARC Il wrk: lanceane | Sidereat) Tachestion 
diam- Shey period 
Name Ssynbol | ——— eccen- ator (earth (wi Aer liareciae 
AU Million | gidereal Synodic tricity | (miles) =!) =v tion | Equator Orbit to 
| miles (days) to orbit | ecliptic 
| 
| Mercury..|  ¥ 0.39 36.0} 8890] 115.9] 0.206} 3,100 0. 04 3.8 88% ? 7° 00 
Venus--.- g 0.72 67.2 | 22497 583. 9 0. 007 7,7 0. 81 4. 86 ? ? 3° 24’ 
Earth....- ® 1.00 92. 9 36592 |_.....--- 0. 017 7, 917 1.00 5.52 | 23>56™ | 23° 27’ | 0° 00’ 
Mars_-_... rom 1. 52 141.5 68740 779.9 0. 093 4, 200 0. 11 3.96 | 24537m | 25° 10’ | 1° 51’ 
Jupiter.... a 5. 20 483. 3 11¥9 398. 9 0.048 | 86,740 | 316. 04 1, 34 Qh50m 3° 07’ | 1° 18/ 
Saturn... b 9. 54 886. 2 2975 378. 1 0.056 | 71, 500 94.9 0.71 | 10h14m | 26° 45’ | 2° 29’ 
Uranus... 8 19.19 | 1,782.0 8470 369. 7 0.047 | 32, 000 14.7 1.27 | 10>45m | 98° 0° 46’ 
Neptune.. Vv 30.07 | 2, 792.4 16478 367.5 0.009 | 31, 700 17.2 1.58 | 15>48m | 29° 1° 47’ 
Pluto...-. P 39. 52 , 3,671.2 24874 366. 7 0. 249 3, 550 0.8 ? ? ? 17° 09’ 








1608. The moon is the only satellite of navigational interest. It revolves about the 
earth in a nearly circular orbit. Its sidereal period is 27; days, called the sidereal 
month. The synodic period or synodic month is 29% days. Since the period of rotation 
is also 29% days, the same side of the moon is always toward the earth. Its orbit is 
inclined 5° to the plane of the carth’s orbit. Hence, the limits of its apparent motion 
north or south of the equator exceed those of the sun. 

The moon is our nearest neighbor. It is so near, in fact, that its apparent size is 
about tle same as that of the sun, although it is only 2,160 miles in diameter, compared 
with 864,000 miles for the sun. It is close enough that distances can be conveniently 
stated in miles. At the point of nearest approach, called perigee, it is about 221,000 
miles from the center of the earth and at the most distant point, the apogee, it is 
253,000 miles distant. The average is about 239,000 miles. 

Because of the nearness of the moon, its apparent position among the background 
of stars varies with the point of observation. The difference in apparent position among 
the stars as observed on the surface of the earth with the moon on the horizon, and at 
the center of the earth, is called horizontal parallax. This varies with the distance of 
the moon from the earth. The parallax varies from a maximum at the horizon to a 
minimum of zero when the moon is overhead. This parallax, or parallax in altitude 
as it 1s sometimes called, must be considered by the navigator if he is to obtain accurate 
results. 

The moon revolves around the earth from west to east. It appears to move from east 
to west, as other bodies, because the earth rotates on its axis once each day, while the 
moon revolves around the earth approximately once each month. The result is that the 
moon rises later each day, losing one apparent revolution per month. 

When the moon is in the same direction, approximately, as the sun, it is in the new 
phase (new moon), the illuminated side being away from the earth and hence not visible. 
The dark side toward the earth may be faintly visible because of reflected light from 
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the ‘full’ earth. As the moon moves away from the sun, a thin crescent appears and 
grows fatter each succeeding night, alwavs with the cusps (horns) away from the sun. 
About a week lIater the moon has completed a quarter of its monthly trip around the 
earth and half of it is visible to observers on the earth. It is now at first quarter. 
During the following week, as it continues to grow fatter, it is in the gibbous phase. 
At full moon it is opposite the sun. During the last half of the cycle the moon is in the 
gibbous phase until last quarter, and is then in the crescent phase until it is again in 
line with the sun and ready for a new cycle. 

Since the phase of the moon depends upon its position relative to the sun, as 
observed on the earth, one can predict the approximate position in the sky at any time 
if he knows the phase, and vice versa. Thus, at first quarter the moon is about 90° 
behind or east of the sun and rises about noon, crosses the meridian about sunset, and 
sets about midnight. Also, if the moon crosses the meridian at about 0300, one knows 
that the moon is about 9 hours ahead of (or 15 hours behind) the sun or in the gibbous 
phase about midway between full moon and last quarter. 

When the moon passes directly between the earth and sun, or nearly so, an eclipse 
of the sun takes place. It is a total eclipse if the sun’s apparent disk is completely 
covered. If the sun’s disk is only partly covered, a partial eclipse occurs. If the moon 
is so far from the earth that its apparent diameter is less than that of the sun, leaving a 
thin rim of bright sun around the edge, the phenomenon is called an annular eclipse. 
A total eclipse starts and ends as a partial eclipse, being total for only a very short time. 
A total eclipse appears as a partial eclipse to observers who are not directly in the 
shadow of the moon. 

An eclipse of the moon is quite different. It occurs when the moon enters the 
earth’s shadow, and hence the moon is not obscured by an intervening body as in the 
case of a solar eclipse. Since the earth is much larger than the moon, its shadow is also 
larger and lunar eclipses generally last much longer than solar eclipses. Also, a lunar 
eclipse is visible over an entire hemisphere of the earth. 

Solar eclipses always occur at new moon and lunar eclipses at full moon. They do 
not occur each month because the moon is usually a little above or a little below the 
line between the earth and the sun. It must be almost directly in line for an eclipse to 
occur. 

Since the gravitational force between two bodies decreases as the distance between 
them becomes greater, and since the diameter of the earth is an appreciable amount 
relative to the distance of the moon from the earth, the gravitational force between the 
two bodies varies considerably over different parts of the earth. A number of noticeable 
effects result, the most conspicuous of which is the ocean tides. On the side nearest the 
moon, the pull on the movable water is greater than the average on the earth, resulting 
in flow toward the moon on that side. On the opposite side the pull is less than average, 
causing a relative force in the opposite direction and resulting in flow away from the 
moon. Thus, high tide occurs simultaneously on the side toward the moon and on the 
opposite side, with low tide between. A similar effect is produced by other celestial 
bodies, notably the sun, but because of the greater distance of these bodies relative to 
the diameter of the earth, the effect is smaller. Actual tides lag somewhat because of 
frictional forces, obstacles such as land, and the time needed for the water to move across 
the surface of the earth. 
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1609. Galaxies.—The solar system, vast as it is, dwindles to insignificance when 
placed in its proper setting within the galaxy of which it forms a part. Figure 1609 
shows the great spiral in Andromeda, which is believed to be similar in size and con- 
stitution to our own. Our galactic system is estimated to be 100,000 light-years in 
diameter, and 10,000 light-years thick at the center. Our sun is one of the average 
stars comprising the galaxy and is located a little more than halfway (30,000 light- 
years) from the center toward the edge. 





Ficure 1609.—A galactic system. The great spiral of Andromeda. 


From this point of observation the visible stars are not evenly distributed in the 
sky. As one looks along the disk of the galaxy, he sees a myriad of faint stars appearing 
as a bright hazy band across the sky and forming a background for the brighter stars 
nearby. This familiar bright band is known as the Milky Way. As one looks through 
the galaxy, he sees fewer stars, as would be expected. 

The entire galaxy is believed to rotate about its axis, the rate of motion of our sun 
being about 175 miles per second. At this speed more than 200 million years are needed 
for one trip around the center. The path followed by the sun, with its accompanying 
planets, comets, etc., is called the sun’s way. 

It is estimated that our galaxy contains 100 billion stars, which are not evenly 
distributed, but are more concentrated at the center and in two arms which sweep out- 
ward in long spirals. Within the arms stars tend to congregate in large groups called 
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star clouds. Parts of the galaxy are obscured by dust clouds, the composition of which 
is still a subject of study. 

Beyond our galaxy more than 400 similar systems have been identified. It has 
been estimated that there may be as many as 100 million galaxies within reach of 
modern telescopes. These distant galaxies are roughly comparable to our own, con- 
taining similar types of stars, dark patches, and dust. The Andromeda spiral (fig. 1609), 
one of the brightest of the exterior systems, is 800,000 light-years distant. 

1610. The celestial sphere.—A glimpse of the sky on a clear night is sufficient to 
enable an observer to imagine that all of the heavenly bodies are located on the inner 
surface of a sphere of infinite radius with the earth at its center. (See fig. 1610a.) 





Figure 1610a.—The celestial sphere. 


This imaginary dome is called the celestial sphere (fig. 1610b) whose north and south 
celestial poles are located by the extension of the earth’s axis and whose celestial 
equator (sometimes called equinoctial) is formed by projecting the plane of the earth’s 
equator to the celestial sphere. A celestial meridian is formed by the intersection of the 
plane of a terrestrial meridian, extended, and the celestial sphere. It is the arc of a 
great circle through the poles of the celestial sphere. 

The point on the celestial sphere vertically overhead of an observer is the zenith 
and the point on the opposite side of the sphere, vertically below him, is the nadir. 
The zenith and nadir are the extremities of a diameter of the celestial sphere through 
the observer and the common center of the earth and the celestial sphere. The arc of a 
celestial meridian between the poles is called the upper branch if it contains the zenith 
and the lower branch if it contains the nadir. The upper branch is frequently used in 
navigation and references to a celestial meridian are understood to mean only its upper 
branch unless otherwise stated. Celestial meridians take the names, as 65° west, of 
their terrestrial counterparts. 
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FicureE 1610b.—Elements of the celestial sphere. 


An hour circle is a great circle through the celestial poles and a point on the 
celestial sphere. It is similar to a celestial meridian, but moves with the celestial 
sphere as it rotates about the earth, while a celestial meridian remains fixed with respect 
to the earth. 

The location of a body along its hour circle is defined by the body’s angular dis- 
tance from the celestial equator. This distance, called declination, is measured north 
or south of the celestial equator in degrees, from 0° through 90°, similar to latitude 
on the earth. 

A circle parallel to the celestial equator is called a parallel of declination, since it 
connects all points of equal declination. It is similar to a parallel of latitude on the 
earth. The path of a celestial body during its daily apparent revolution around the 
earth is called its diurnal circle. It is not actually a circle if a body changes its 
declination. Since the declination of all navigational bodies is continually changing, 
the bodies are describing flat spherical spirals as they circle the earth. However, 
since the change is relatively slow, a diurnal circle and a parallel of declination are 
usually considered identical. 

A point on the celestial sphere may be identified at the intersection of its parallel 
of declination and its hour circle. The parallel of declination is identified by the 
declination. 


412 NAVIGATIONAL ASTRONOMY 


star clouds. Parts of the galaxy are obscured by dust clouds. the composition of which 
is still a subject of studv. 

Bevond our galaxv more than 400 similar svstems have been identified. It has 
been estimated that there may be as many as 100 million galaxies within reach of 
modern telescopes. These distant galaxies are roughly comparable to our own, con- 
taining similar types of stars, dark patches, and dust. The Andromeda spiral fig. 16°", 
one of the brightest of the exterior svstems, is 800,000 light-vears distant. 

1610. The celestial sphere.—A glimpse of the skv on a clear night is sufficient to 
enable an observer to imagine that all of the heavenly bodies are located on the inner 
surface of a sphere of infinite radius with the earth at its center. (See fig. 1619a.) 





Ficgtre 1610a.—The celestial sphere. 


This imaginary dome is called the celestial sphere (fig. 1610b) whose north and south 
celestial poles are located by the extension of the earth’s axis and whose celestial 
equator (sometimes called equinoetial) is formed by projecting the plane of the earth’s 
equator to the celestial sphere. A eelestial meridian is formed by the intersection of the 
plane of a terrestrial meridian. extended, and the celestial sphere. It is the are of a 
great cirele through the poles of the celestial sphere. 

The point on the celestial sphere vertically overhead of an observer is the Zenith 
and the point on the opposite side of the sphere, vertically below him. is the nadir. 
The zenith and nadir are the extremities of a diameter of the celestial sphere through 
the observer and the common center of the earth and the celestial sphere. The are of a 
celestial meridian between the poles is called the upper branch if it contains the zenith 
and the lower branch if it contains the nadir. The upper branch is frequently used in 
navigation and references to a celestial meridian are understood to mean only its upper 
branch unless otherwise stated. Celestial meridians take the names. as 65° west, of 
their terrestrial counterparts. 
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FicureE 1610b.—Elements of the celestial sphere. 


An hour circle is a great circle through the celestial poles and a point on the 
celestial sphere. It is similar to a celestial meridian, but moves with the celestial 
sphere as it rotates about the earth, while a celestial meridian remains fixed with respect 
to the earth. 

The location of a body along its hour circle is defined by the body’s angular dis- 
tance from the celestial equator. This distance, called declination, is measured north 
or south of the celestial equator in degrees, from 0° through 90°, similar to latitude 
on the earth. 

A circle parallel to the celestial equator is called a parallel of declination, since it 
connects all points of equal declination. It is similar to a parallel of latitude on the 
earth. The path of a celestial body during its daily apparent revolution around the 
earth is called its diurnal circle. It is not actually a circle if a body changes its 
declination. Since the declination of all navigational bodies is continually changing, 
the bodies are describing flat spherical spirals as they circle the earth. However, 
since the change is relatively slow, a diurnal circle and a parallel of declination are 
usually considered identical. 

A point on the celestial sphere may be identified at the intersection of its parallel 
of declination and its hour circle. The parallel of declination is identified by the 
declination. 
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Two basic methods of locating the hour circle are in use. Its angular distance 
west of a reference hour circle through a point on the celestial sphere called the vernal 
equinox or first point of Aries is called sidereal hour angle (SHA). (See fig. 1610c.) 
Astronomers measure this angle eastward from the vernal equinox and call it right 
ascension, which they express in time units. 





Fictre 1610c.—A point on the celestial sphere can be located by its declination and sidereal hour angle. 


The second method of locating the hour circle is to indicate its angular distance 
west of a celestial meridian. (See fig. 1610d.) If the Greenwich celestial meridian is 
used as the reference, the angular distance is called Greenwich hour angle (GHA), 
and if the meridian of the observer, it is called local hour angle (LHA). It is sometimes 
more convenient to measure LHA either eastward or westward, as longitude is measured 
on the earth, in which case it is called meridian angle (é). These coordinates are 
discussed further in article 1702. 

A point on the celestial sphere may also be located by means of altitude and 
azimuth, coordinates based upon the horizon as the primary great circle, instead of the 
celestial equator. This system is discussed in article 1705. 

Two additional systems used by astronomers are based upon the ecliptic (art. 
1611) and the galactic equator (the approximate mid great circle of the galaxy). The 
coordinates of the ecliptic system are celestial latitude and celestial longitude and those 
of the galactic system are galactic latitude and galactic longitude. 
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Figure 1610d.—A point on the celestial sphere can be located by its declination and hour angle. 


1611. Apparent motion of celestial bodies.—To a terrestrial observer the earth 
seems to be stationary and the various celestial bodies appear to be in continual motion. 
It is this apparent motion, or motion relative to the earth, that concerns the navigator 
primarily. 

The daily motion of the various bodies due to the rotation of the earth is the 
most conspicuous movement. This is further discussed in article 1614. Even a casual 
observer, however, soon notes that the various celestial bodies do not maintain the 
same positions relative to each other. ‘That is, while the celestial sphere appears to 
rotate about its axis, making one revolution about the apparently stationary earth 
each day, the various celestial bodies are changing their positions on the sphere. 

If the rotation of the earth on its axis could be stopped, so that the daily apparent 
rotation of the celestial sphere would cease, the motions of the various bodies relative 
to each other would be more apparent. The stars would appear almost stationary. 
This is why they are sometimes called ‘fixed stars.’”” They form a nearly stationary 
background which serves as a convenient reference for other motions. 

The sun would appear to move eastward about 1° per day, completing its trip 
around the celestial sphere in 1 year. The motion is not along the celestial equator, 
but along another great circle, called the ecliptic, which is inclined to the celestial 
equator at an angle of about 23°27’. (See fig. 1611.) This great circle hes in the 
plane of the earth’s orbit around the sun, since it is this actual motion that causes the 
apparent motion of the sun. 
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Figure 1611.—Eiements of the ecliptic, along which the sun appears to move during 1 year. 


The moon would appear to make one trip around the celestial sphere each month, 
following closely the path of the sun. The planets would appear to move erratically, 
but keeping close to the ecliptic. 

Refer again to figure 1611. The two points at which the ecliptic crosses the celestial 
equator are called equinoxes (meaning ‘equal nights’’), since days and nights are of 
equal length when the sun is at these points. The sun is at one of these points (T) about 
March 21. This is called the vernal (spring) equinox, first point of Aries, or March 
equinox. | 

Since the sun is on the celestial equator at this time, its declination is 0°. As it 
continues eastward, it arrives about June 21 at one of the points of maximum separation 
of the ecliptic and celestial equator. This is called the summer solstice, sometimes 
called June solstice. At this time the declination of the sun reaches its maximum value 
of about 23°27’ N, and since the ecliptic and celestial equator are parallel at this point, 
the change in declination of the sun is momentarily zero, increasing slowly on each side 
of this point. Hence, the name solstice, meaning “sun standing sul.” 

Continuing on, the sun arrives at the autumnal or September equinox about 
September 23, when the declination is again 0° and the days and nights are again of 
equal length. In another 3 months it arrives at the winter or December solstice about 
December 22, when the declination is again maximum, but on the opposite side of the 
celestial equator. By March 21 it has arrived back at the vernal equinox, completing 
the cycle. 

The terms equinoz and solstice refer both to the points indicated and the times at 
which the sun is at these points. 
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The time required for the sun to move eastward through 360°, or make one complete 
revolution with respect to a distant point in space, is called a sidereal year. It is not 
quite the same as one revolution relative to the equinoxes, for these are moving west- 
ward along the ecliptic at the rate of a little more than 50” of arc per year. This slow 
westward motion, called precession of the equinoxes, is caused by the unequal gravita- 
tional force of the moon, principally, and other bodies on the oblate earth. In accord- 
ance with the usual laws of precession, this force, in attempting to pull the earth’s 
equator into the plane of the ecliptic, causes the axis to precess as indicated. Since 
the motions of the moon and other bodies are not perfectly uniform, the precession 
of the equinoxes is somewhat irregular. This irregularity is called nutation. 

The equinoxes complete one trip around the ecliptic in about 25,800 years. Since 
the equinoxes were named, more than 2,000 years ago, the vernal equinox has moved 
approximately 30° and is now in the constellation of Pisces (art. 1612) instead of at the 
“First Point of Aries.” 

If the calendar were based upon the sidereal year, the seasons would be shifted 
slightly from year to year relative to the sun and the weather associated with the 
various seasons. Already they would be about 1 month out of phase, so that the 
vernal equinox would occur late in February. Accordingly, the calendar is based upon 
the tropical year, or one revolution of the sun relative to the equinoxes. The tropical 
year is about 20 minutes shorter than the sidereal year. 

Neither of these years quite agrees with one revolution relative to the line of apsides 
(Ap sf déz) connecting the perihelion and aphelion (fig. 1604b). Such a revolution, called 
an anomalistic year, is nearly 5 minutes longer than a sidereal year. The result of this 
difference is that the time at which the earth is at perihelion and aphelion is changing 
slowly. Many thousand years hence the earth will be nearest the sun in July and the 
northern hemisphere summer will be about a week shorter than its winter, instead of a 
week longer, as at present. 

We have seen that the sun changes its declination from 0° at the vernal equinox 
to a maximum northerly declination of about 23°27’ at the summer solstice, then de- 
creases to 0° at the autumnal equinox, continues on southward to a maximum southerly 
declination of about 23°27’ at the winter solstice, and then returns to 0° at. the vernal 
equinox. During this time its sidereal hour angle changes 360°, continually decreasing. 

The moon goes through a similar cycle approximately once each month, except 
that the declination limits change somewhat from month to month because the axis of 
revolution of the moon is not quite paratlel to the axis of the earth’s orbit and is pre- 
cessing In a manner similar to that of the earth. 

In general, the planets appear to move eastward among the stars, following approxi- 
mately along the ecliptic. However, since both they and the earth are revolving about 
the sun, the motion appears erratic to an observer on the earth, sometimes being faster, 
sometimes slower, and occasionally the nearer planets appear to move westward among 
the stars for a short time. This westward motion is called retrogression or retrograde 
motion, in contrast to direct motion eastward. Planets are never far from the ecliptic. 

We have seen that stars remain almost stationary in relation to each other. How- 
ever, due to their motion and that of the earth, they undergo a very slow change in 
position relative to each other. Motion along the line of sight, called radial motion, 
does not change the apparent position of a star, but motion across the line of sicht, 
called proper motion does produce such a change. A somewhat larger change in 
declination and sidereal hour angle results from precession of the equinoxes, which 
alters the position of the reference circles relative to the stars. 
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Another slight annual change in the apparent positions of some stars, particularly 
those near the poles of the ecliptic, occurs due to aberration caused by the earth’s motion 
in its orbit. This is similar to the effect one experiences when he walks through rain 
that is falling vertically. The motion of the observer causes the rain to strike him in 
the face, appearing to come at an angle from ahead. Thus, men passing each other on 
the street both hold their umbrellas tilted forward, even though they may be moving in 
opposite directions. The faster the motion, the more the umbrella is tilted. Similarly, 
stars perpendicular to the direction of motion of the earth appear displaced forward. 
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FicureE 1612.—The belt of the zodiac. Names and signs (divisions) represent constellations of stars 
appearing in signs. 


All of these motions are reflected in the apparent positions of the various bodies 
as tabulated in the almanacs. If the celestial bodies and the reference circles were 
stationary, a very simple permanent almanac would suffice. 

1612. The zodiac is a circular band in the sky extending 8° on either side of the 
ecliptic. In addition to the sun, which follows the ecliptic, all of the navigational 
planets and the moon are within this narrow band. The zodiac is divided into 12 
sections, one for each month of the year. Ancient observers gave names to the con- 
stellations appearing in each section, the names or “signs” being suggested by the shapes 
of the constellations. These are shown in figure 1612. 

When the names were assigned, more than 2,000 years ago, the sun reached its 
maximum northerly declination as it entered Cancer and its maximum southerly declina- 
tion asitentered Capricornus. Hence the names tropic of Cancer and tropic of Capri- 
corn, indicating the latitude equal to the maximum northerly and southerly declination 
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of the sun, respectively, and marking the limits of the tropics, in which the sun is di- 
rectly overhead at some time during the year. 

Similarly, the polar circles, the arctic circle in the north and the antarctic circle 
in the south, are at distances from the poles equal to the maximum declination of the 
sun. ‘These mark the limits of the frigid zones, in which the sun becomes circumpolar 
(remains above the horizon during the entire 24 hours of the day). 

1613. The seasons.—As shown in figure 161la, the sun is north of the equator 
between March and September, and south of the equator between September and 
March. When the sun is on the same side of the equator as the observer, it climbs 
higher in the sky and stays above the horizon longer than when it is on the opposite side. 
Thus, at latitude 40° north the sun rises about 0430 and sets about 1930 on the longest 
day of the year, in June. Hence, the sun is above the horizon for 15 hours and is below 
the horizon for 9 hours. On the shortest 
day of the year, in December, the periods 
are approximately reversed. 

Partly for this reason and partly because 
the rays are more vertical and therefore 
spread over less area during the summer 
(fig. 1613), the summer months are warmer. 
While the northern hemisphere is having its 
summer, the southern hemisphere is expe- 
riencing winter. 

The hottest part of the summer occurs 
several weeks after the summer solstice 
because the earth continues to receive 
more heat than it dissipates, but at a de- 
creasing rate. As the heat continues to 
accumulate, the rate of dissipation in- 
creases. The hottest part of the summer 
occurs when a balance is reached between 
these two processes. Similarly, the coldest 
part of the winter lags several weeks behind 
the shortest day of the year. Because of 
this lag, summer (in the northern hemis- Figure 1613.—In summer, energy from the sun 
phere) is generally considered to start at falls on & smaller area than in winter. Its heat 

‘ : : per unit area 18 greater In summer. 
the time of the summer solstice and winter 
at the time of the winter solstice. Similarly, the intermediate seasons, spring and 
autumn (commonly called fall in the United States), begin at the time of the vernal 
and autumnal equinoxes, respectively. 

1614. Effects of the earth’s rotation.—The daily rising of the sun and other celestial 
bodies above the eastern horizon and their crossing of the sky and setting below the 
western horizon are so common that many people have given little thought to the 
phenomena. Ancient man thought that the various bodies actually circled the earth 
as they appeared to do. Today even young school children know that this apparent 
motion is caused by rotation of the earth on its axis. However, since the navigator is 
interested in the positions of bodies relative to the earth, it is apparent motion that 
concerns him primarily. 
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Another slight annual change in the apparent positions of some stars, particularly 
those near the poles of the ecliptic, occurs due to aberration caused by the earth’s motion 
in its orbit. This is similar to the effect one experiences when he walks through rain 
that is falling vertically. The motion of the observer causes the rain to strike him in 
the face, appearing to come at an angle from ahead. Thus, men passing each other on 
the street both hold their umbrellas tilted forward, even though they may be moving in 
opposite directions. The faster the motion, the more the umbrella is tilted. Similarly, 
stars perpendicular to the direction of motion of the earth appear displaced forward. 
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Figure 1612.—The belt of the zodiac. Names and signs (divisions) represent constellations of stars 
appearing in signs. 


All of these motions are reflected in the apparent positions of the various bodies 
as tabulated in the almanacs. If the celestial bodies and the reference circles were 
stationary, a very simple permanent almanac would suffice. 

1612. The zodiac is a circular band in the sky extending 8° on either side of the 
ecliptic. In addition to the sun, which follows the ecliptic, all of the navigational 
planets and the moon are within this narrow band. The zodiac is divided into 12 
sections, one for each month of the year. Ancient observers gave names to the con- 
stellations appearing in each section, the names or “‘signs’”’ being suggested by the shapes 
of the constellations. These are shown in figure 1612. | 

When the names were assigned, more than 2,000 years ago, the sun reached its 
maximum northerly declination as it entered Cancer and its maximum southerly declina- 
tion asitentered Capricornus. Hence the names tropic of Cancer and tropic of Capri- 
corn, indicating the latitude equal to the maximum northerly and southerly declination 
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of the sun, respectively, and marking the limits of the tropics, in which the sun is di- 
rectly overhead at some time during the year. 

Similarly, the polar circles, the arctic circle in the north and the antarctic circle 
in the south, are at distances from the poles equal to the maximum declination of the 
sun. These mark the limits of the frigid zones, in which the sun becomes circumpolar 
(remains above the horizon during the entire 24 hours of the day). 

1613. The seasons.—<As shown in figure 161la, the sun is north of the equator 
between March and September, and south of the equator between September and 
March. When the sun is on the same side of the equator as the observer, it climbs 
higher in the sky and stays above the horizon longer than when it is on the opposite side. 
Thus, at latitude 40° north the sun rises about 0430 and sets about 1930 on the longest 
day of the year, inJune. Hence, the sun is above the horizon for 15 hours and is below 
the horizon for 9 hours. On the shortest 
day of the year, in December, the periods 
are approximately reversed. 

Partly for this reason and partly because 
the rays are more vertical and therefore 
spread over less area during the summer 
(fig. 1613), the summer months are warmer. 
While the northern hemisphere is having its 
summer, the southern hemisphere is expe- 
riencing winter. 

The hottest part of the summer occurs 
several weeks after the summer solstice 
because the earth continues to receive 
more heat than it dissipates, but at a de- 
creasing rate. As the heat continues to 
accumulate, the rate of dissipation in- 
creases. The hottest part of the summer 
occurs when a balance is reached between 
these two processes. Similarly, the coldest 
part of the winter lags several weeks behind 
the shortest day of the year. Because of 
this lag, summer (in the northern hemis- Figure 1613.—In summer, energy from the sun 
phere) is generally considered to start at falls on & smaller area than in winter. Its heat 

. ; per unit area is greater in summer. 
the time of the summer solstice and winter 
at the time of the winter solstice. Similarly, the intermediate seasons, spring and 
autumn (commonly called fall in the United States), begin at the time of the vernal 
and autumnal equinoxes, respectively. 

1614. Effects of the earth’s rotation.—The daily rising of the sun and other celestial 
bodies above the eastern horizon and their crossing of the sky and setting below the 
western horizon are so common that many people have given little thought to the 
phenomena. Ancient man thought that the various bodies actually circled the earth 
as they appeared to do. Today even young school children know that this apparent 
motion is caused by rotation of the earth on its axis. However, since the navigator is 
interested in the positions of bodies relative to the earth, it is apparent motion that 
concerns him primarily. 
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Consider figure 1614a. The inner circle represents the earth as viewed from above 
the north pole. 4m represents the meridian of the observer at M. Hence, P,A/ is 
the upper branch of his meridian and P,m is the lower branch. The outer circle repre- 
sents the celestial sphere. At approximately midnight the sun is on the lower branch 
of the observer’s meridian, at S,, over P,m. For an observer on the other side of the 
world, at m, it is approximately noon. By 0600, about the time of sunrise if the 
observer is on the equator, the sun will have moved westward to S,. Continuing on, 
the sun will be over the observer’s meridian, at S;, at approximately noon. It is then 
at upper transit. Six hours later the setting sun will be at S, and at midnight it will 
again be at S,, at lower transit. 

As indicated above, for an observer at the equator the sun rises about 0600 and 
sets about 1800. This is true regardless of the declination of the sun. At the equator 
the celestial poles are on the horizon, and the hour circle 6" or 90° from the meridian 
coincides with the horizon, as shown in figure 1614b. Hence, any body is above the 
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FicguRE 1614a.—Apparent motion of the sun Ficure 1614b.—The celestial sphere for an 
around the earth. 8, midnight, new day observer at the equator. 


begins at M; S.:, 6 am, sunrise at Mf; S;, noon 
at M; S,, 6 pM, sunset at M. 


horizon for 12" and below the horizon for an equal period. The only effect of declination 
is to change the position of the path across the sky and the maximum height attained 
by the body. In figure 1614b the broken line through the zenith and nadir represents 
the diurnal circle of a body on the celestial equator, having zero declination. This 
might be the sun at vernal or autumnal equinox. Line AA’ represents the diurnal 
circle of the sun at summer solstice, when its declination is about 23°27’ N. The 
diurnal circle of a star having a declination of 60°S is shown at BB’. Half of the 
circles AA’ and BB’ are above and half below the horizon, but the sun at AA’ remains 
north of the observer and never reaches the observer’s zenith. Similarly, the star at 
BB’ remains south and never reaches a very high position in the sky. 

For an observer at 40° north latitude the situation is somewhat different, as shown 
in figure 1614c. At this latitude the north celestial pole is 40° above the northern 
horizon and the south celestial pole is 40° below the southern horizon. A body on 
the celestial equator, DD’, rises in the east and sets in the west, remaining above the 
horizon 12", but it does not reach the observer's zenith, since it travels diagonally across 
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the sky. On the longest day of the year the sun follows path AA’, remaining above 
the horizon about 15 hours and staying below only about 9 hours. Only a body having 
a declination equal to the latitude passes through the zenith. If a body has a declina- 
tion equal to or greater than the colatitude (90° minus the latitude), it never sets if 
the declination and latitude are of the same 
name (both north or both south), as shown 
at CC’, or never rises if of contrary name, 
as shown at BB’. Celestial bodies which 
remain above the horizon during the entire 
360° of their daily travel are said to be 
circumpolar. 

As the latitude increases, additional 
bodies become circumpolar, even the sun 
becoming so at the polar circles. The 
diurnal circles become more nearly paral- 
lel to the horizon. At the pole (fig. 
1614d), the celestial equator and celestial 
horizon coincide. The diurnal circles 
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Nar 2B being parallel to the celestial equator are 
FiagurE 1614c.—The celestial sphere for an also p arallel to the horizon. ; At the north 
observer at latitude-40° N. pole stars of northerly declination do not 


set, circling the sky at virtually the same 
angular distance above the horizon, the angle being equal to the declination. As the sun 
crosses the celestial equator into the northern hemisphere, at the vernal equinox, it rises 
above the horizon at the north pole, and stays above the horizon until the autumnal 
equinox 6 months later. During this period it slowly spirals upward until it reaches its 
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Figure 1614d.—The celestial sphere for an  Fiaure 1614e.—Since the vernal equinox moves 
observer at the north pole. faster than the sun, a sidereal day, between 


successive upper transits of the vernal equinox, 
is shorter than a solar day. 
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maximum height of about 23°27’ at the summer solstice and then as slowly spirals 
back to the horizon. The moon follows a similar cycle monthly and the planets rise 
and set as they cross the celestial equator. 

Neither the sun nor other celestial bodies complete the trip around the earth in 
exactly 24 hours. The period for the sun averages 24 hours, thus giving us the length 
of our solar day. Since the sun moves eastward with respect to the vernal equinox, 
the latter seems to move faster, completing its daily trip about 4 minutes quicker than 
the sun. Thus, if the sun and vernal equinox are together at lower transit, as shown 
at S;7T, in figure 1614e, the vernal equinox will reach the upper branch of the meridian 
at T., when the sun is still a short distance to the east, at S,.. When the vernal equinox 
completes the trip and arrives back at T,, the sun will have lagged farther behind, at 
S;. The period between two successive upper transits of the vernal equinox is called 
a sidereal day. 


CHAPTER XVII 
MEASUREMENT ON THE CELESTIAL SPHERE 


1701. Introduction.—Celestial navigation is concerned primarily with three proc- 
esses—(1) observation, (2) coordinate conversion, and (3) plotting. A thorough under- 
standing of the systems of coordinates in use by the navigator and of their interrelation- 
ship is essential to complete mastery of celestial navigation. 

Various systems of coordinates on the celestial sphere, all of them similar to the 
familiar latitude and longitude on the earth, were discussed briefly in article 1610. Of 
these, the navigator is rarely concerned with any but the celestial equator system and 
the horizon system. The former is but an extension to the celestial sphere of the geo- 
graphical system of the earth. The latter is a similar system in which the horizon 
replaces the celestial equator as the primary great circle, and the zenith and nadir are 
the poles. These two systems are the almost constant companions of the celestial 
navigator. 

1702. The celestial equator system of coordinates.—If the familiar graticule of 
latitude and longitude lines is expanded until it reaches the celestial sphere of infinite 
radius, it forms the basis of the celestial equator system of coordinates, as explained in 
article 1610. On the celestial sphere the familiar latitude becomes declination (d), 
and longitude, measured always toward the west, through 360°, becomes sidereal hour 
angle (SHA) if measured from the vernal equinox. 

Declination (d) is angular distance north or south of the celestial equator (d in fig. 
1702a). It is measured along an hour circle, from 0° at the celestial equator through 





Figure 1702a —The celestial equator system of coordinates, showing measurement of declination, 


polar distance, and local hour angle. 
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90° at the celestial poles, and is labeled N or S to indicate the direction of measurement. 

All points having the same declination lie along a parallel of declination. 

Polar distance is angular distance from a celestial pole, or the arc of an hour circle 
between the celestial pole and a point on the celestial sphere. It is measured along an 
hour circle and may vary from 0° to 180°, since either pole may be used as the origin of 
measurement. It is usually considered the complement of declination, though it may 
be either 90°—d or 90°+d, depending upon the pole used. 

Local hour angle (LHA) is angular distance west of the local celestial meridian, or 
the arc of the celestial equator between the upper branch of the local celestial meridian 
and the hour circle through a point on the celestial sphere, measured westward from the 
local celestial meridian, through 360°. It is also the similar arc of the parallel of declina- 
tion and the angle at the celestial pole, similarly measured. If the Greenwich (0°) 
meridian is used as the reference, instead of the local meridian, the expression Green- 
wich hour angle (GHA) is applied. It is sometimes convenient to measure the are or 
angle in either an easterly or westerly direction from the local meridian, through 180°, 
when it is called meridian angle (¢) and labeled E or W to indicate the direction of 
measurement. All bodies or other points having the same hour angle lie along an hour 
circle. 

Figure 1702b illustrates the relationship between the various hour angles and 
meridian angle. The circle is the celestial 
equator as seen from above the south pole, 
with the upper branch of the observer’s 
meridian (?,4/) at the top. The radius 
P,G is the Greenwich meridian, P,Y the 
hour circle of the vernal equinox, and P,S 
and P,S’ the hour circles of celestial bodies 
to the west and east, respectively, of the 
observer’s celestial meridian. Note that 
when LHA is less than 180°, ¢ 1s numeri- 
cally the same and is labeled W, but that 
when LHA is greater than 180°, t=360° 
—LHA and is labeled E. In figure 1702b 
arc GM is the longitude, which in this 
case is west. The relationships shown 
apply equally to other arrangements of 
radii, except for relative magnitudes of 
the quantities involved. 

Figure 1702b.—Local hour angle, Greenwich hour 1703. Graphic representation of the 
angle, and sidercal hourangle are measured west- celestial equator system.—A diagram of 
ward ee oo Rica na a oe the celestial equator system of coordinates 

, , y 1 n e : * 
AV Gs tiliente abe eee a of measurement. has Paral dl ees particularly in the study 
of celestial navigation. Anexample will 
illustrate a convenient method of preparing such a diagram. 

Example.—Draw a diagram of the celestial equator system showing a celestial body 
at declination 30° N, LHA 80°. 

Solution (fig. 1703).—(1) Draw a circle of any convenient radius to represent the 
celestial meridian of the observer (the lower circle of fig. 1703). 

(2) Draw and label a vertical diameter P,P, to represent the polar axis of the 
celestial sphere, and a horizontal diameter QQ’ to represent the celestial equator, seen 


qe 


a Eas, 
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on edge from a point outside the celestial sphere, and over the celestial equator. Points 
Q and Q’ are the intersections of the celestial meridian and celestial equator, and the 
arc P,QP, is the upper branch of the celestial meridian of the place for which the 
diagram is drawn. 

(3) From Q (or Q’) measure 30° along the celestial meridian toward P, (P, if the 
declination had been south). Through the point thus located draw a line parallel to 
the celestial equator QQ’. The line so 
drawn is a parallel of declination seen on 
edge. All points having a declination of 
30° N are on this line. 

(4) Directly above the circle repre- 
senting the celestial meridian draw another 
circle of the same size representing the 
celestial equator QQ’. This is the view if 
the eye is shifted from a point over the 
celestial equator to a point directly over 
the north celestial pole. The horizontal 
diameter of the upper circle is the celestial 
meridian seen edgewise. From the inter- 
section of the celestial equator and the 
upper branch of the celestial meridian (Q) 
measure 80° clockwise around the celestial 
equator. Through the point thus located 
(A) draw a radius to represent the hour 
circle, seen from above. All points having 
an LHA of 80° are on this line. From 
point A drop a perpendicular to the celes- 
tial equator in the lower diagram, locating 
point A’. Draw an arc of acircle through 
P,,A’P,, locating the center by trial and 
error along QQ’ (extended if necessary). 
This is the hourcircle, whichshouldappear Q 
as an ellipse, but for most purposes an arc 
of a circle is a sufficiently accurate approx- 
imation. The intersection of this hour 
circle and the parallel of declination locates 
the body ». 

The arc QA in the upper diagram is 
shown duplicated in the lower diagram. 
The upper circle, which is identical in size 
with the lower one and is placed vertically Fieure 1703.—Diagram of the celestial equator 
above it, is used only for locating A’ in system: upper figure, on the plane of the celestial 
the lower diagram. Hence, it can be a figure, on the plane of the celestial 
eliminated by superimposing it over the 
lower circle; that is, using the lower circle as the celestial equator for the purpose 
of locating points A and A’, as shown in figure 1703 by the duplication of the arc 
QA and the perpendicular AA’. 

Since LEIA is less than 180°, the body is on the hemisphere nearer the reader, or 
on the “front” of the diagram. This is the hemisphere to the west of the observer for 
whom the diagram is drawn. 
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1704. The horizons.—The second set of celestial coordinates with which the 
navigator is directly concerned is based upon the horizon as the primary great circle. 
However, since several different horizons are defined, these should be thoroughly under- 
stood before proceeding with a consideration of the horizon system of coordinates. 

- The line where earth and sky appear to meet is called the visible or apparent 
horizon. On land this is usually an irregular line unless the terrain is level. At sea the 
visible horizon appears very regular and often very sharp. However, its position rela- 
tive to the celestial sphere depends primarily upon (1) the refractive index of the air, 
and (2) the height of the observer’s eye above the surface. Atmospheric refraction is 
covered in some detail in chapter XXI. 

Figure 1704 shows a cross section of the earth and celestial sphere through the 
position of an observer at A above the surface of the earth. A straight line through A 
and the center of the earth O is the approx- 
imate vertical of the observer, and contains 
his zenith (Z) and nadir (Na). A plane 
perpendicular to the true vertical is a hori- 
zontal plane, and its intersection with the 
celestial sphere is a horizon. It is the 
celestial horizon if the plane passes through 
the center of the earth, the geoidal horizon 
if it is tangent to the earth, and the sen- 
sible horizon if it passes through the eye of 
the observer at A. Since the radius of the 
earth is considered negligible with respect 
to that of the celestial sphere, these hori- 
zons become superimposed, and most 
measurements are referred only to the 
celestial horizon. This is sometimes called 
the rational horizon from the latin word 
“ratio,” reckoning. 

If the eye of the observer is at the 
Figure 1704.—The horizons used in navigation. gurface of the earth, his visible horizon 

coincides with the plane of the geoidal ho- 
rizon; but when elevated above the surface, as at A, his eye becomes the vertex of a cone 
which, neglecting refraction, is tangent to the earth at the small circle BB, and which 
intersects the celestial sphere in B’B’, the geometrical horizon. This expression is 
sometimes—but less appropriately—applied to the celestial horizon. 

Because of refraction (arts. 2118 and 2119), the visible horizon C’C’ appears above 
but is actually slightly below the geometrical horizon as shown in figure 1704. 

For any elevation above the surface, the celestial horizon is usually above the 
gcometrical and visible horizons, the difference increasing as elevation increases. It is 
thus possible to observe a body which is above the visible horizon but below the celestial 
horizon. That is, the body’s altitude is negative and its zenith distance is greater than 
90° (art. 2008). 

1705. The horizon system of coordinates is based upon the celestial horizon as 
the primary great circle, and a series of secondary vertical circles, which are great 
circles through the zenith and nadir of the observer and hence perpendicular to his 
horizon. Thus, the celestial horizon is similar to the equator, and the vertical circles 
are similar to meridians, but with one important difference. The celestial horizon and 
vertical circles are dependent upon the position of the observer and hence move with 
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him as he changes position, while the primary and secondary great circles of both the 
geographical and celestial equator systems are independent of the observer. The 
horizon and celestial equator systems coincide for an observer at the geographical pole 
of the earth, and are mutually perpendicular for an observer on the equator. At all 
other places the two are oblique. (See art. 1614.) 

The vertical circle through the north and south points of the horizon passes through 
the poles of the celestial equator system of coordinates. One of these poles (having the 
same name as the latitude) is above the horizon and is called the elevated pole. The 
other, called the depressed pole, is below the horizon. Since this vertical circle is a 
great circle through the celestial poles, and includes the zenith of the observer, it is 

























































































FiaureE 1705a.—The horizon system of coordinates, showing measurement of altitude, zenith distance, 
azimuth, and azimuth angle. 


also a celestial meridian. In the horizon system it is called the principal vertical circle. 
The vertical circle through the east and west points of the horizon, and hence perpen- 
dicular to the principal vertical circle, is called the prime vertical circle, or simply the 
prime vertical. 

As shown in figure 1705a, altitude is angular distance above the horizon. It is 
measured along a vertical circle, from 0° at the horizon through 90° at the zenith. 
Altitude measured from the visible horizon may exceed 90° because of the dip of the 
horizon, as shown in figure 1704. Angular distance below the horizon, called negative 
altitude, is provided for by including certain negative altitudes in some tables for use 
in celestial navigation, such as H. O. 249. All points having the same altitude lie along 
a parallel of altitude or almucantar (fig. 17052). 

Zenith distance (Zz) is angular distance from the zenith, or the arc of a vertical circle 


between the zenith and a point on the celestial sphere. It is measured along a vertical 
691-651°—G3-—_28 
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circle from 0° through 180°. It is usually considered the complement of altitude. For 
a body above the celestial horizon it is equal to 90°—h and for a body below the celestial 
horizon it is equal to 90°—(—h) or 90°+h; or 90°--a negative altitude. 

The horizontal direction of a point on the celestial sphere, or the bearing of the geo- 
graphical position (art. 1710), is called azimuth or azimuth angle depending upon the 
method of measurement. In both methods it is an arc of the horizon (or parallel of 
altitude) or an angle at the zenith. It is azimuth (Zn) if measured clockwise through 
360°, usually starting at the north point on the horizon; and azimuth angle (Z) if 
measured either clockwise or counterclockwise through 90° or 180°, usually starting at 
the north point of the horizon in north latitude and the south point of the horizon in 
south latitude. When so measured, azimuth angle varies through 180°. The 90° 
limitation, seldom used, applies when the nearer point (north or south) is used regardless 
of latitude. The numerical value of azimuth angle is prefixed with N or S to indicate 
the origin of measurement and suffixed with E or W to indicate the direction of measure- 
ment, as N 137° E,S 14° W, etc. All points having the same azimuth lie along a vertical 
circle. 

The two coordinates of the horizon system, altitude and azimuth, are easily visual- 
ized. Let an observer locate his zenith, the point overhead or 90° from every point on 
his horizon. Let him also locate the north and south points of his horizon. An im- 
aginary line through his zenith and the north-south points is his celestial meridian. 
The line is also a vertical circle through those points, as is every other line at right angles 
to his horizon. All points having the same altitude, for instance 20° (z 70°), are on a 
circle which is everywhere 20° above his horizon. The azimuth of a body is the arc of 
the horizon from north, eastward to the vertical circle containing the body. 

If the observer stands so that he is facing south, and extends his arm horizontally 
in front of him, he will be pointing toward Zn 180°. If he now raises his arm 45° (half 
way between the horizon and the zenith) he will be pointing at position h 45°, Zn 180°. 
A star at this position will be on his meridian and its zenith distance will also be 45°. 
If he points 40° to the right of south, toward Zn 220°, 
and raises his arm 70° above the horizontal, he will 
point toward the position of the body shown in figure 
1705a (h 70°, Zn 220°). 

The relationship between azimuth and azimuth 
angle is illustrated in figure 1705b. An azimuth of 
030° is equivalent to azimuth angle N 30° E for an 
observer in north latitude and S 150° E for an 
observer in south latitude. Similarly, if Zn=330°, 
Z=N 30° W or S 150° W, depending upon the lfati- 
tude of the observer. In the usual method of label- 
ing azimuth angle, the prefix, N or S, is always the 
same as the latitude, and the suffix, E or W, is always 
Figure 1705b.—Comparison of azi- the same as the meridian angle, ft, of the body. A body 

muth and azimuth angle. Azimuth cannot be east of the meridian by hour angle and 

angle is usually measured from north west of the meridian by azimuth. Also, since LHA 

er in accordance with the i. fess than 180° if the body is west of the meridian 

and Zn is greater than 180° under the same conditions, 

it follows that LHA and Zn cannot both be less than 180° nor can both be greater than 
180° at the same time. 

For the interconversion of Z and Zn, a simple diagram such as that of figure 1705b 
may be desirable for the beginner, but one should soon learn to visualize the situation 
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without a diagram. The following table may be helpful in fixing the interrelationship 


between Z and Zn in the mind: 
TABLE 1705 








Z Zn at origin of 2 Direction of measurement of Z Zn 
| 

ING gh te Pete el Dieta areca 000° Clockwise__........_.._____------ Z 
Ni he kW carat oe ree tas 360° Counterclockwise_____.__-..___-- 360° —Z | 
Sia ta he ee ata eet te 180° Counterclockwise___._________---- 180°—Z | 
Dare ae Wee ee ee eres 180° CIOCKWisGpcccc3 2 oe ete ett 180°+Z | 





Erample 1—Z=N 51° E, 8 127° W, S 155° E, N 92° W. 

Requared.—Zn. 

Answer.—Zn=051°, 307°, 025°, 268°. 

Note that the prefix of Z indicates the origin of measurement and the suffix the 
direction of measurement. 

Example 2.—Zn= 048°, 167°, 185°, 271°. 

Required.—(1) Z for an observer in north latitude, (2) Z for an observer in south 
latitude. 


Answers.— 
(1) Z (2) Z 
Zn (North latitude) (South latitude) 
048° N 48° E S 132° E 
167° N 167° E S 13° E 
185° N 175° W S 5° W 
271° N 89° W S 91° W 


Note that. Zn is always a three-digit group and that Z may not be, but has labels 
both before and after the number. 

When a body rises or appears above the eastern horizon, its azimuth may have 
any value from 000° to 180°, depending primarily upon its declination and the latitude 
of the observer. Similarly, when it sets, its azimuth may have any value from 180° 
to 360°. At such times it may be convenient to indicate the angular distance of the 
body north or south of the prime vertical. This is called amplitude. The numerical 
value of amplitude is given a prefix (FE if the body is rising and W if it is setting) to 
indicate the origin of measurement and a sufhx (N or S) agrees with the declination 
of the body. Thus, at rising a body’s amplitude may be E 17° N and at setting another 
body’s amplitude may be W 34° S. The azimuths of these bodies are 073° and 236°, 
respectively. For an observer in north latitude the azimuth angles are N 73° E and 
N 124° W and for an observer in south latitude they are S 107° E and S 56° W. 

Amplitude is seldom used by the air navigator. 

1706. Graphic representation of the horizon system.—A diagram similar to that 
used for the celestial equator system of coordinates (art. 1703) is sometimes useful 
for the horizon system. 

Example.——Draw a diagram of the horizon system showing a celestial body at 
altitude 25°, azimuth 290°. 

Solution (fig. 1706).—(1) Draw a circle of any convenient radius to represent the 
celestial sphere (the lower circle in fig. 1706). 

(2) Draw and label a horizontal diameter NS to represent the celestial horizon, 
and a vertical diameter to represent the prime vertical, both as seen on edge from a 
point outside the celestial sphere. The cirele, being perpendicular to both the horizon 
and prime vertical, is a principal vertical circle and also a celestial meridian. 
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(3) From S (or N) measure 25° along the principal vertical circle toward the 

zenith. Through the point thus located draw a line parallel to the horizon NS. The 
line so drawn is a parallel of altitude, seen 
E on edge. All points having an altitude of 

25° are on this line. 

(4) Directly above the circlerepresenting 
the principal vertical circle draw another 
circle of the same size representing the 
celestial horizon NS. This is the view if 
the eye is shifted from a point over the celes- 
tial horizon to a point directly over the 
zenith. The horizontal diameter of the 
upper circle is the celestial meridian seen 
edgewise. From N, the north point of the 
horizon, measure 290° clockunrse (or 70° 
counterclockwise, as shown in fig. 1706) 
around the horizon. Through the point 
thus located (A) draw a radius to repre- 
sent the vertical circle, seen from above. 
All points having an azimuth of 290° are 
on this line. From point A drop a per- 
pendicular to the horizon in the lower dia- 
gram, locating point A’. Drawan arc ofa 
circle through the zenith, A, and nadir, 
locating the center by trial and error along 
NS (extended if necessary). This is the 
vertical circle through the body. It should 
appear as an ellipse, but for most purposes 
an arc of a circle is a sufficiently accurate 
approximation. The intersection of this 
vertical circle and the parallel of altitude 
locates the body x. 

The arc NA in the upper diagram is 
shown duplicated in the lower diagram. 
The upper circle, which is identical in size 
with the lower one and is placed vertically 
Figure 1706.—Diagram of the horizon system: above It, is used only for locating A‘ in the 

upper figure, on the plane of the horizon; lower lower diagram. Hence, it can be eliminated 

figure, on the plane of the celestial meridian. by superimposing it over the lower circle; 

that is, using the lower circle as the celestial 

horizon for the purpose of locating points A and A’, as shown in figure 1706 by the 
duplication of the arc NA and the perpendicular AA’. 

Since Zn is greater than 180°, the body is on the hemisphere nearer the reader, 
or on the “front’’ of the diagram. This is the hemisphere to the west of the observer 
for whom the diagram is drawn. 

1707. The diagram on the plane of the celestial meridian.—Since the circle of the 
celestial equator system diagram is the celestial meridian and the circle of the horizon 
system diagram is the principal vertical circle, which is also the celestial meridian, the 
two diagrams can be combined. If this 1s done by properly orienting the pole of one to 
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the zenith of the other, any point located by one set of coordinates is properly positioned 
with respect to the other set, so that such a diagram, called a diagram on the plane of the 
celestial meridian, can be used for converting one set of coordinates to those of the other 
system. 

For any given values of declination and local hour angle, there is only one value of 
altitude and azimuth at a given place, and vice versa. In article 1701 it was stated 
that celestial navigation is concerned primarily with three processes—(1) observation, 
(2) coordinate conversion, and (3) plotting. The navigator can observe altitude and 
azimuth (horizon system) directly. His almanac provides information on the declina- 
tion and hour angle (celestial equator system) of abody. Before these data can be used 
for establishing a line of position they must be stated in terms of a single system of 
coordinates. It is customary to convert the declination and hour angle to the cor- 
responding values of altitude and azimuth. For accurate results this is customarily 
done mathematically. However, the diagram on the plane of the celestial meridian 
provides a quick approximate solution that is useful in helping the student to visualize 
the relationships involved and so to avoid many of the mistakes made by those with less 
understanding. 

Example 1.—The declination of a celestial body is 30° N and its local hour angle is 
80°. The observer is at latitude 37° N. 

Required.—(1) Altitude of the body, 
(2) azimuth of the body. 

Solution (fig. 1707a).—(1) Draw a 
circle of any convenient radius. Draw 
a horizontal diameter NS to represent 
the horizon and a vertical diameter ZNa 
to represent the prime vertical. 

(2) Since latitude is angular distance 
from the equator, an observer at lati- 
tude 37° N is 37° north of the equator. 
Hence, on the celestial sphere, the ze- 
nith is 37° north of the celestial equator, 
or the declination of the zenith is equal 
to the latitude. Therefore the celestial 
equator is 37° south of the zenith, which 
has already been located at Z. From Z 





measure 37° toward S (the south), locat- N, 
ing Q. From Q draw a diameter to rep- 
resent the equator, QQ’. Figure 1707a.—Diagram of the combined horizon 


: and celestial equator systems on the plane of the 
(3) Draw the diameter P,P, perpen- testinal meridian: lat. 37° N, dec. 30° N, LHA 80°, 


dicular to QQ’, to represent the earth’s Zn 290° (Z N 70° W). The horizon system is 
axis and the north and south celestial shown in red. 


poles. 

(4) From Q (or Q’) measure declination 30° toward the north celestial pole and 
through the point thus located draw the parallel of declination parallel to QQ’. 

(5) From Q measure LHA 80° around the celestial meridian, locating point L. 
From L drop a perpendicular to the celestial equator QQ’, locating point L’. Swing 
an arc of an hour circle through P,L’P,, locating the center by trial and error along QQ’ 
(extended). The intersection of the hour circle and the parallel of declination locates 
the body on the diagram. 
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(6) Draw the parallel of altitude hh’ through the body and parallel to the horizon 
and measure the altitude Sh (or Nh’), 25°. 

(7) Swing an arc of the vertical circle through Z, Na, and the body, locating the 
center on NS (extended). The vertical circle intersects NS at A’. Erect a perpendicu- 
lar to NS at A’ and measure the arc NA, 70°, which is the azimuth angle. It is labeled 
N because the observer is in north latitude and W because the LHA is less than 180° 
and the body is therefore west of the celestial meridian. Since Z=N 70° W, Zn=360°— 
70°=290°. 

Answers.—(1) Altitude 25°, (2) azimuth 290°. 

Be sure to draw the perpendicular AA’ from A’, the point of intersection of the 
vertical circle and the horizon. 

The combined diagram on the plane of the celestial meridian is a means of approxi- 
mating a number of useful celestial relationships, as shown in the following examples. 

Example 2.—The latitude of the observer is 40° N and the declination of the sun 
is 20° N. Neglect the change in declination during one day. 

Required.—(1) Zn at sunrise, (2) ¢ at sunrise, (3) LHA at sunrise, (4) h at sunrise, 
(5) Zn when on the prime vertical during the morning, (6) h when on the prime vertical 
during the afternoon, (7) maximum h, (8) Zn at maximum altitude, (9) LHA at maxi- 
mum altitude, (10) z when on the celestial meridian, (11) Z at sunset, (12) Zn at sunset. 

Solution (fig. 1707b).—Draw a diagram on the plane of the celestial meridian for 
latitude 40° N, and draw the parallel of declination 20° north of the celestial equator. 
The sun moves along this line. At 
sunrise and sunset it will be on the 
horizon, position 1. It will be on the 
prime vertical in the morning and 
again in the afternoon when on the line 
ZNa, position 2, and will be on the 
celestial meridian, position 3, at noon. 


(1) The azimuth angle, Z, at sun- 
rise (position 1) is the arc NA, 63°. It 
is labeled N to agree with the latitude 
and E because the sun is east of the 
meridian at sunrise. Zn=063°. 

(2) The meridian angle, ¢, at sun- 
rise is the arc QL, 108° E. It is east 
because the sun is east of the meridian 
when it rises (position 1). 

(3) Since t=108° E, the local hour 
N angle, LHA=360° —t=252°. 

(4) The altitude, h, at sunrise is 0°, 





Figure 1707b.—Positions of the sun relative to an . . oy: 
observer at latitude 40° N, when the declination since the sun is at position 1, on the 


is 20° N; 1, sunrise and sunset; 2, on the prime horizon, at this time. 
vertical (morning and afternoon); 3, on the (5) The azimuth, Zn, of any body 
celestial meridian. on the eastern prime vertical is 090°, 
by definition (position 2). 
(6) The altitude, h, of the sun when on the prime vertical is the are Nh’ or Sh, 
32° (position 2). 
(7) For a stationary observer, maximum altitude of any body occurs when it is 
on the celestial meridian. In this problem it is the arc S3, 70° (position 3). 
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(8) The Zn of any body on the celestial meridian is 000° or 180°. In this problem 
it is 180° because the sun is to the south of the zenith (position 3). 

(9) The LHA and ¢ of any body on the southerly celestial meridian is 0° by defini- 
tion (position 3). 

(10) The zenith distance, 2, is the complement of h. Hence, on the celestial 
meridian z=90° —70°=20° (position 3). 

(11) Azimuth angle, Z, at sunset, position 1, is numerically the same as at sunrise. 
However, it is now afternoon and the sun is west of the meridian. Consequently, 
Z=N 63° W. 

(12) If Z=N 63° W, Zn=360°—63°=297°. 

Answers.—(1) Zn 063°, (2) ¢ 108° E, (3) LHA 252°, (4) h 0°, (5) Zn 090°, (6) h 32°, 
(7) h 70°, (8) Zn 180°, (9) LHA 0°, (10) z 20°, (11) Z N 63° W, (12) Zn 297°. 

Example 3.—The latitude of an observer is 40° S and the moon’s declination is 
15° N. Ignore the change in declination during the day. 

Required.—(1) Azimuth angle at moonrise, (2) maximum altitude, (3) azimuth 
at maximum altitude, (4) azimuth at moonset. 

Solution (fig. 1707c).—(1) Draw a circle of any convenient radius to represent the 
celestial meridian, and mutually perpen- 
dicular diameters to represent the horizon 
and prime vertical. 

(2) Measure latitude 40° to the north 
(left) of Z, locating Q, and draw the celes- 
tial equator, QQ’. Draw diameter P,P, 
perpendicular to QQ’. Since the observer 
is in south latitude, the south pole, P,, is 
the elevated pole. It is customary to 
draw the north pole at the left of they 
diagram without regard to whether it is 
the elevated or depressed pole. Note that 
arc P,S is equal to arc ZQ. Hence, the al- 
titude of the elevated pole is equal to the 
declination of the zenith, and both are 
equaltothelatitude. Therefore, the polar 
axis, P,P, can be located by measuring 
the arc SP, or NP,, equal to the latitude. 

(3) Draw the parallel of declination 
15° north of Q. Its intersection with the FiaurE 1707c.—Diagram on the plane of the ce- 
horizon (position 1) locates the position lestial meridian for an observer in south latitude: 
of the moon at moonrise or moonset. lat. 40° S, dec. 15° N. 

(4) Draw the vertical circle through 
position 1 and erect a tangent. The azimuth angle is are SA,S 110° E. It is labeled 
S to agree with the latitude and E because the moon is rising. 

(5) The maximum altitude occurs when the body is on the celestial meridian 
(position 2). Here it is arc Nh’ (or Sh), 35°. The moon transits the meridian north 
of Z, the zenith. The azimuth is therefore 000°. 

(6) The azimuth angle at moonset is numerically the same as at moonrise, but is 
now west, or Z=S 110° W, and Zn=290°. 

Answers.—(1) ZS 110° E, (2) h 35°, (3) Zn 000°, (4) Zn 290°. 

Example 4.—The declination of star Dubhe, one of the pointer stars of the ‘‘big 
dipper,” is 62° N. An observer is in latitude 35° N. 
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Required.—(1) The maximum and minimum altitudes, (2) the polar distance, 


(3) the zenith distance at lower transit. 


Solution (fig. 1707d).—(1) Draw a diagram on the plane of the celestial meridian 
for latitude 35° N. The north pole is elevated 35° above the horizon. 






h mi Lower Transit 


Na 


Figure 1707d.—A body whose polar distance is less 


than the observer’s latitude is circumpolar if its 
declination is of the same name as the latitude. 
If declination and latitude are of contrary name, 


the body does not rise. 


In this example, for instance, the 
latitude is equal to h+ :p at lower tran- 
sit and h—p at upper transit. 

Example §.—An unknown star is 
found to have an altitude of 38°, azi- 
muth 238°, at latitude 21° south. 

Required.—Declination and_ local 
hour angle of the star. 

Solution (fig. 1707e).—(1) Draw a 
diagram on the plane of the celestial 
meridian for latitude 21° S. 

(2) Draw the parallel of altitude for 
38° and the vertical circle for S 58° 
W (Zn 238°). The intersection locates 
the body. 

(3) Through the body draw the par- 
allel of declination parallel to QQ’. 
The declination is arc Qd (or Q’d’), 
34° S. 

(4) Draw the hour circle through 
the body. The meridian angle is arc 


(2) Draw a parallel of declination, 62° 
north of Q (or Q’). Since the parallel 
does not cross the horizon, the star does 
not set and is therefore circumpolar 
(art. 1614) at this latitude. A body is 
circumpolar if its polar distance is less 
than the latitude, and the body’s decli- 
nation and the observer’s latitude are 
of the same name (both N or both 3S). 
If they are of contrary name, the body 
does not rise, as shown by the broken 
line in figure 1707d. 

(3) The maximum altitude is arc NAmax 
(63°) and the minimum, are Nhgiy, 7°. 

(4) The polar distance, p, usually 
reckoned from the elevated pole, is 90° 
minus declination or p=90°—62°=28°. 

(5) Since z=90°—h, 2 at lower transit 
is 90°—7°=83°. 

Answers.—(1) Max. h 63°, min. h 7°, 
(2) @ 28", 3) 2 83", 

Note that latitude can be determined 
if polar distance (or declination) and 
altitude at meridian transit are known. 





Figure 1707e.—Finding declination and local hour 
angle of a body of known altitude and azimuth. 
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QL, 54° W. It is labeled W because the azimuth indicates that the body is west of 
the meridian. Since t=54° W, LHA=54?°. 

Answer.—Dec. 34° S, LHA 54°. 

Values obtained graphically by the method described are approximations only. The 
departure from true values increases with increased altitude or declination. Correct 
values of declination and LHA based 
upon the data of the above example 
are dec. 37°5 S, LHA 57°5. Differ- 
ences are due mainly to the fact 
that vertical circles and hour circles 
are drawn as arcs of circles instead 
of as ellipses. 

In figure 1707f point M shows 
the position of a body h 60°, ZS 60° 
W, as drawn by the usual method. 
Point M’ is the position if a true 
ellipse is drawn through A’. The 
position M/’ can also be obtained by 
laying off the azimuth angle on asemi- 
circle of which the parallel of altitude 
is a diameter. The same method 
can be used to locate a body on a 
parallel of declination. Any graphic 
method is less accurate than math- 
ematical computation. 

1708. The navigational triangle. 
A triangle formed by arcs of great 
circles of a sphere is called a spherical 
triangle. It is a celestial triangle if F,gure 1707f.—Improving the accuracy of results ob- 
it is on the celestial sphere. The tained bya diagram onthe plane of the celestial meridian. 
spherical triangle of particular inter- 
est to navigators, called the navigational triangle, is that formed by a celestial meridian, 
an hour circle, and a vertical circle, and having the elevated pole, the zenith, and the 
body at its vertices. It may also be formed of the terrestrial counterparts. 

Refer to figure 1708, a diagram on the plane of the celestial meridian of the com- 
bined horizon system (red) and the celestial equator system. As previously discussed, 
P,, and P, are the north and south poles, QQ’ the celestial equator, Af a body on the 
celestial sphere on its parallels of declination dd’ and altitude hh’, NS the horizon, Z the 
zenith and Na the nadir of an observer at O on the earth. Arc P,MP, is half of an hour 
circle and arc ZM/Na is half of a vertical circle through the body. The navigational 
triangle is P,ZM. 

In the figure arc QZ of the celestial meridian is the latitude and the side P,Z of the 
navigational triangle is 90°—latitude, or colatitude. Arc AAf of the vertical circle is 
the altitude of the body, and side 2M of the triangle is 90°—altitude, zenith distance, 
or coaltitude. Arc LA of the hour circle is the declination of the body, and side P,M 
of the triangle is 90°—declination, polar distance, or codeclination. 

The angle at the elevated pole, ZP,M, having the hour circle and the celestial 
meridian as its sides is the meridian angle (¢t). The angle at the zenith, P,ZM, having 
as sides the vertical circle and the arc of the celestial meridian which includes the 
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elevated pole is the azimuth angle. 
The angle at Af, ZAM/P,, having the 
hour circle and the vertical circle as its 
sides, is the parallactic angle (some- 
times called position angle). It is rarely 
used in celestial navigation. 

The navigational triangle is thus a 
spherical triangle consisting of three 
sides: 

(1) colatitude 

(2) codeclination (polar distance) 

(3) coaltitude (zenith distance) 
and three angles: 

(4) Meridian angle 

(5) Azimuth angle 

(6) Parallactic angle. 

In general, there are three types of 
problems involving the navigational 
triangle. 





Figure 1708.—The navigational triangle, P,ZM, ; ; ; 
is formed by arcs of a celestial meridian, hour (1) Given latitude, declination, and 


circle, and vertical circle. meridian angle, to find altitude and 
azimuth angle. This is the solution 


used to locate a celestial line of position. 

(2) Given latitude, altitude, and azimuth angle, to find declination and meridian 
angle. This is used to identify an unknown celestial body. 

(3) Given meridian angle, declination, and altitude, to find azimuth angle. This 
problem arises where azimuth angle alone is required, as when h is found separately 
by the cosine-haversine formula (art. 1709). 

A fourth type of problem involving solution of a navigational but not a celestial 
triangle is one in which the geographic coordinates of two positions are given, to find 
the initial great-circle course and the distance between them. This problem is similar 
to (1) above in that arc P,Z of figure 1708 is the colatitude of the point of departure, 
P,M the colatitude of the destination, and angle ZP,.\/ the difference of longitude 
between positions, to find the initial great-circle course angle, P,Z.\/, the supplement 
of the final course angle, P,A7Z, and the great-circle distance, are 7... 

1709. Solution of a spherical triangle.—The navigational triangle can be solved 
for the unknown quantities by a variety of formulas. Only those most commonly 
used in navigation are discussed in this article and in chapter XXIII. 

In anv spherical triangle, if two sides and the included angle are known, the side 
opposite the included angle can be found by the general cosine law forspherical triangles. 
cos a=cos 6 cos c+sin 6 sin ¢ cos «1 

If substitution of the equivalent 1—versine, or 1—2 haversine (half versine), is 
made for the cosine functions, the cosine law becomes 

hav a=hav A sin 6 sin ethav (b—c). 
This can be applied to the navigational triangle as shown in figure 1709a, letting side a 
be the coaltitude, angle A the meridian angle, side 6 the codeclination, and side c the 
colatitude. For convenience, the complementary functions cos 6 and cos ¢ are used 
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so that declination and latitude can be 
used directly and the formula becomes 
hav z=hav t cos d cos L+hav (L~d). 
The sign ~ means “the difference 
between”’ regardless of which term is 
larger. Itis popularly called “wiggle.” 
Thus L~d (L wiggle d) means the 
actual difference between the latitude 
and declination. If both are north 
or both south, subtract the smaller 
from the larger; if they have different 
names, add. 

To compute azimuth angle, it is 
sometimes convenient to use the sine 
law for spherical triangles 

sin A_sin B_sin C 
sina sin b sin ¢ 
In navigational notation, this becomes 
sin ¢__sin Z FicureE 1709a.— Elements of the celestial navigational 
sin z sin p triangle. 
or sin Z=sin t cos d sec h. 
Use of these two formulas is shown by the following example, which is illustrated 
in figure 1709a. 
Erample.—t 75° W, d 29° N, L 37° N. 
Required.—Altitude and azimuth. 








Solution.— 

t 75° W l hav 9. 56889 LZ sin 9.98494 
d29°N Lcos 9.94182 l cos 9.94182 

L37°N Leos 9. 90235 

l hav 9. 41306 

n hav 0. 25886 

L~d 8° n hav 0. 00487 

z 61°4871 n hav 0. 26373 
h 28°11/9 l sec 0. 05487 
Zn 286°5 =N 73°27'3 W lsin 9. 98163 


The trigonometric functions of angles are given in American Practical Navigator, 
H.O. Pub. No. 9. In the haversine table, satisfactory results are obtained by in- 
terpolating for tenths between the minute of arc entries, ignoring values for inter- 
mediate seconds of time. where given as in some older tables. 

The computation of great-circle distance and initial course is the solution of a 
spherical triangle. In figure 1709b, two positions on the earth, B and C, are shown 
with A at the pole nearer B, the point of departure. Figure ABC is a spherical triangle 
in which A is the DLo corresponding to ¢ in the celestial triangle, B is the initial course 
angle corresponding to azimuth angle, and C is the position angle or supplement of the 
final course angle, corresponding to the parallactic angle. Side a, the great-circle 
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Ficure 1709b.—Elements of the terrestrial navigational triangle used in great-circle sailing. 


distance, is equivalent to zenith distance; sides b and c correspond to codeclination and 
colatitude, respectively. The latitudes of B and C correspond to latitude and decli- 
nation in the celestial navigational triangle. 
Example.—Position B: L 20° N, \ 17° W;; position C: L 45° N, » 122° W. 
Required.—(1) Great-circle distance between B and C. (2) The initial and final 
great-circle courses from B to C. 
Solution.—The equations for solution are 
hav D=hav DLo cos Lz cos L, +hav (L,~ IL). 
If C, and C; represent initial and final course angles, 
sin C,=sin DLo cos L, csc D 
180°—sin C,;=sin DLo cos L, csc D 
DLo=).— A, = 105° W 


DLo 105° W lhav 9.79893 LZ sin 9. 98494 Ll sin 9. 98494 
L, 45° N Lcos 9.84949 l cos 9. 84949 
L, 20° N Lcos 9.97299 l cos 9. 97299 





lhav 9.62141 
nm hav 0. 41823 
Li~ ly 25° nm hav 0. 04685 


D 86°00’ nm hav 0. 46508 l esc 0. 00106 l esc 0. 00106 


C, N 43°2 W l sin 9. 83549 ae. 
180°—C, N 65°5 E ~sin 9. 95899 
TC, 316°8 
TC, 245°5 
D 5,160 mi. 

Note (1) that since 1’ of distance equals 1 mile, 86° equals 5,160 miles, and (2) 
that log cosecant of side a (fig. 1709b) is used here instead of log secant as in the 
previous example, because the side itself is used, not its complement. 

While the formulas given above are basic, their use is seldom required in modern 
navigation because computations have been performed by machine in advance and the 
results have been tabulated. 
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1710. Geographical position.—The methods of interconverting the coordinates of 
the celestial equator and horizon systems have been discussed, but the reason for doing 
so has only briefly been mentioned. Since position on the earth is desired, consider 
further the relationship between a celestial body and terrestrial positions. 

If a celestial body is vertically overhead, it is in the zenith of the observer. The 
observer is at the geographical position (GP) of the celestial body. Since every celestial 
body is vertically over some point on the earth, every celestial body has a geographical 
position, whether or not an observer is at that place. Further, the GP moves with the 
body, making a trip around the world every day, as the celestial sphere circles the 
earth, and moving north or south as the body changes declination. Because of the 
interrelationship of the terrestrial coordinates and those of the celestial equator system, 
the latitude of the GP is the same as the declination of the body. The longitude of 
the GP is west and numerically the same as GHA if the latter is less than 180°, and 
east and numerically equal to 360°—GHA if the latter is greater than 180°. 

The geographical position of the sun is also called the subsolar point, that of the 
moon the sublunar point, and that of a star the substellar or subastral point. 

1711. Circles of equal alti- 
tude.—In article 1710 it was 
stated that for an observer at 
the geographical position of a 
body, the body 1s in the zenith, 
vertically overhead. This sit- 
uation is illustrated in figure 
1711a. The observer is at 
GP, at latitude 50° N. The 
body M, directly overhead, has 
a declination of 50° N. 

A second observer, at A, on 
the same meridian but at lati- 
tude 60° N, is 10° north of GP. 
His zenith, being vertically 
overhead at Z, is at declina- 
tion 60° N on the celestial 
sphere. The zenith distance 
ZM is therefore 10°, the same 
as the angular distance A — GP 
on the earth. The altitude, 





being the complement of ze- Pp 
: ; ‘ Oia agee 
Be distance, 1s 90 10 FicurE 171la.—Zenith distance expressed in minutes of arc 


is equal to distance in nautical miles from the observer to 
For a third observer, at B, the GP. 


on the same meridian but at 

latitude 40° N, the zenith distance and altitude are the same, but the body is north. 
A zenith distance of 10° is not limited to observers at A and B, on the same meridian. 

The zenith of any observer 10° or 600 nautical miles (along a great circle) from GP is 

10° from the body. The locus of all such points is a circle of radius 600 nautical miles, 

as shown in figure 1711b. This is called a circle of equal altitude, since the altitude of 

the body is the same at any point on the circle. 
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FiaureE 1711b.—All points at which the altitude of a given celestial body are the same lie on a circle 
of equal alittude with the GP as the center and the zenith distance as the radius. 


The more nearly a body is overhead, the smaller the circle. If a body is near the 
horizon, the circle is very large, becoming a great circle as the body crosses the celestial 
horizon. An infinite number of circles of equal altitude surround the GP of each body, 
so that at every moment an observer is on some such circle of every body in the sky. 
These are similar to the parallels of latitude on the earth, but with the GP as the center. 

1712. Lines of position from celestial observations.—Since all points having the 
same celestial body at the same altitude are on a circle with the GP as the center and 
the zenith distance as the radius (art. 1711), that circle of equal altitude is a circle of 
position or circular line of position. 

Thus, a navigator might observe the altitude of a celestial body and subtract the 
value from 90° to determine the zenith distance. Expressed in minutes of arc, this 1s 
the radius of the circle of position in nautical miles. He might then consult his almanac 
and determine the declination and GHA of the body at the instant of observation. 
Using these as latitude and longitude (or 360°—longitude), he can plot the GP. With 
the GP as the center and z as the radius, he can then draw the circle of position. He 
knows he is somewhere on this circle, but additional information is needed to indicate 
his position on the circle. 

If a second celestial body is observed at the same time (or suitable adjustment is 
made if the time is different), he has two circles of position, which intersect at two points 
(fig. 1712a). Since both circles are lines of position, he must be at one of the two inter- 
sections. The two intersections are usually so far apart that there is no reasonable 
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sor 





FicureE 1712a.—Circles of equal altitude. The fix is at one of the two intersections. 


doubt as to which constitutes the fix. However, a third observation should remove 
any doubt. It also serves as a check on the accuracy of the other observations. 

This method of plotting lines of position from celestial observations is used when the 
zenith distance is not more than 2° or 3°, but for most observations it is not convenient 
because of the length of the radius. For instance, if the altitude is 30°, the zenith 
distance is 60° and the radius is 3,600 miles. A very small-scale chart would be need- 
ed and the distortion due to the map projection used would introduce error. Naviga- 
tion is customarily performed on a chart of much larger scale and of limited area. 

The usual method of establishing a line of position from celestial observation consists 
of the three processes (1) observation, (2) coordinate conversion (computation), and (3) 
plotting, as stated in article 1701. The processes are usually performed in the order 
listed. 

First, the navigator observes the altitude of the bodies to be used for establishing 
the lines of position. He tries, whenever possible, to select bodies approximately 
120° apart in azimuth. This not only results in lines of position which eross cleanly, 
but tends to minimize the effects of a constant error in the observations. 

Second, he consults his almanac and determines the celestial equator system coordi- 
nates (declination and hour angle) at the time of observation. He then assumes a 
position, either his dead reckoning position or one nearby, and computes the altitude 
and azimuth (converting the celestial equator coordinates to horizon coordinates) at 
this assumed position (AP). 

Third, he plots the results. He has two altitudes, one measured and the other com- 
puted. These usually differ by a few minutes of are. The actual position is on the 
circle of equal altitude indicated by the observed altitude, and the AP is on the circle of 
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equal altitude indicated by the computed altitude. Since both circles are for the same 
time, they are concentric, having @ common center, the GP. Also, the azimuth indi- 
cates the direction of the center. A line drawn in this direction 1s therefore a radius. 
(See fig. 1712b.) 

A line perpendicular to a radius at its intersection with its circle is tangent to the 
circle (fig. 1712b). When the radius is very large, as is usually the case with circles of 
equal altitude, the tangent can be considered the circle itself for a short distance, without 
introducing appreciable error. Hence, the GP is not needed, for the difference in the 





Als; 
“tude difference 


Figure 1712b.—Establishing a line of position from observation of a celestial body. 


two altitudes is the difference in zenith distances, or the difference in radius. Fur- 
ther, the circle represented by the greater altitude has the least zenith distance or radius 
and is therefore nearer the GP. 

In figure 1712c the part of figure 1712b within the red circle is replotted in a some- 
what modified form and enlarged. From AP a line is drawn in the direction of the GP, 
as indicated by the azimuth. Along this line is measured a distance equal to the 
altitude difference between the computed and observed altitudes. At the point thus 
located a line is drawn perpendicular to the azimuth line. This perpendicular 1s the 
line of position. It is tangent to the actual circle of position. The circle through the 
AP is not plotted because there is no need for it. If the observed altitude is less than 
the computed altitude, the altitude difference is measured in the opposite direction, 
away from the GP. 

Many navigators prefer to omit the azimuth line also, measuring the altitude 
difference along the edge of a plotter. Figure 1712d represents a fix determined by 
lines of position from three simultaneous observations, using the DR as the AP. If 
observations are not made at the same time, the lines of position (or AP’s) must be 
adjusted to a common time, as in piloting (art. 909). 
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FicurE 1712c.—Plotting a line of position from observation of a celestial body. 
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Figure 1712d.—A fix by lines of position from simultaneous observation of three celestial bodies. 
Problems 


1705a. Required——Convert the following azimuths to azimuth angles for an 
observer in lat. 20° N: (1) 122°, (2) 180°, (8) 27°7, (4) 197°6, (5) 000°, (6) 218°7, 
(7) 342°, (8) 298°2. 

Answers.—(1) N 122° E, (2) N 180° E or N 180° W, (3) N 27°7 E, (4) N 162°4 W, 
(5) north, (6) N 141°3 W, (7) N 18° W, (8) N 61°8 W. 

1705b. Required.—Convert the azimuths given above to azimuth angles for an 


observer in lat. 82° S. 
691-651 °—63-—_29 


442 MEASUREMENT ON THE CELESTIAL SPHERE 


equal altitude indicated by the computed altitude. Since both circles are for the same 
time, they are concentric, having a common center, the GP. Also, the azimuth indi- 
cates the direction of the center. A line drawn in this direction 1s therefore a radius. 
(See fig. 1712b.) 

A line perpendicular to a radius at its intersection with its circle is tangent to the 
circle (fig. 1712b). When the radius is very large, as is usually the case with circles of 
equal altitude, the tangent can be considered the circle itself for a short distance, without 
introducing appreciable error. Hence, the GP is not needed, for the difference in the 
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two altitudes is the difference in zenith distances, or the difference in radius. Fur- 
ther, the circle represented by the greater altitude has the least zenith distance or radius 
and is therefore nearer the GP. 

In figure 1712c the part of figure 1712b within the red circle is replotted in a some- 
what modified form and enlarged. From AP a line is drawn in the direction of the GP, 
as indicated by the azimuth. Along this line is measured a distance equal to the 
altitude difference between the computed and observed altitudes. At the point thus 
located a line is drawn perpendicular to the azimuth line. This perpendicular is the 
line of position. It is tangent to the actual circle of position. The circle through the 
AP is not plotted because there is no need for it. If the observed altitude is less than 
the computed altitude, the altitude difference is measured in the opposite direction, 
away from the GP. 

Many navigators prefer to omit the azimuth line also, measuring the altitude 
difference along the edge of a plotter. Figure 1712d represents a fix determined by 
lines of position from three simultaneous observations, using the DR as the AP. If 
observations are not made at the same time, the lines of position (or AP’s) must be 
adjusted to a common time, as in piloting (art. 909). 
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FicurE 1712c.—Plotting a line of position from observation of a celestial body. 


66°W 
PEE $92 

°'—~O 2015 OR 

2015 FIX 
20/5 
w” BN “90 

, 
i 32°N 


FiaureE 1712d.—A fix by lines of position from simultaneous observation of three celestial bodies. 
Problems 


1705a. Required.—Convert the following azimuths to azimuth angles for an 
observer in lat. 20° N: (1) 122°, (2) 180°, (8) 27°7, (4) 197°6, (5) 000°, (6) 218°7, 
(7) 342°, (8) 298°2. 

Answers.—(1) N 122° E, (2) N 180° E or N 180° W, (3) N 27°7 E, (4) N 162°4 W, 
(5) north, (6) N 141°3 W, (7) N 18° W, (8) N 61°8 W. 

1705b. Required.—Convert the azimuths given above to azimuth angles for an 
observer in lat. 82° S. 

691-651°—63——_29 
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Answers.—(1) S 58° E, (2) south, (3) S 152°3 E, (4) S 17°6 W, (5) S 180° E or 
S 180° W, (6) S 38°7 W, (7) S 162° W, (8) S 118°2 W. 

1705c. Required.—Convert the following azimuth angles to azimuths (to the 
nearest 0°1): (1) N 32°7 W, (2)S 18° E, (3) N 1°55’ E, (4) N 147° E, (5) N 102°10’ W, 
(6) S 28°2 W, (7) S 129°47’ E, (8) S 178°02’ W. 

Answers.—(1) 327°3, (2) 162°, (3) 001°9, (4) 147°, (5) 257°8, (6) 208°2, (7) 050°2, 
(8) 358°0. 

Solve problems 1707a through 1707g by diagrams on the plane of the celestial 
meridian. 

1707a. Given.—Lat. 32° N, 71° W, d 27° N. 

Required.—Altitude and azimuth. 

Answers.—h 27°, Zn 287°. 

1707b. Given.—Lat. 17° S, € 64° E, d 28°S. 

Required.—Altitude and azimuth. 

Answers.—h 29°, Zn 114°. 

1707c. Given.—Lat. 59° N, altitude 27°, azimuth 052°. 

Required.—Declination and meridian angle. 

Answers.—d 41° N,#110° E. 

1707d. Given.—Lat. 31° N, sun’s declination 18° S. 

Required.—(1) Azimuth at sunrise, (2) maximum altitude, (3) altitude when 
azimuth is 234°, (4) azimuth angle when altitude in the afternoon is 10°, (5) azimuth 
at sunsct. 

Answers.—(1) Zn 111°, (2) h 41°, (3) h 18°, (4) Z N 118° W, (5) Zn 249°. 

1707e. Given.—The declination of the star Dubhe is approximately 62° N. When 
observed at lower transit, its altitude is 43°. 

Required.—(1) Latitude of the observer, (2) azimuth at upper transit. 

Answers.—(1) Lat. 71° N, (2) Zn 180°. 

1707f. Required.—For an observer at lat. 39° N, find for the sun at summer and 
winter solstice: (1) LHA at sunrise, (2) LHA when on the prime vertical, (3) maximum 
altitude, (4) LHA at sunset, (5) length of day if the sun moves 15° per hour. 


Answers.— 
Summer Winter 
(1) LHA 248° 3292" 
(2) LHA 303° Below horizon 
(3) h 75° 28° 
(4) LHA 112° 68° 
(5) T 14556™ 9°04™ 


1707g. Given.—Lat. 83° N, sun’s declination 4° S. 

Required.—(1) LHA at sunrise, (2) maximum altitude, (3) LHA at sunset, (4) 
duration of full daylight (sun moving 15° per hour). 

Answers.—(1) LHA 303°, (2) h 3°, (3) LHA 57°, (4) T 7°36™. 

1709a. Given.—At NAS Pensacola (L 30°21’ N, \ 87°17’ W), the local hour angle 
of star Vega is 285°22’, declination 38°44’ N. 

Required.—Compute (1) zenith distance, (2) altitude, (3) azimuth. 

Answers.—(1) 2 60°21/6, (2) h 29°38/4, (3) Zn 05979. 

1709b. Given.—Gander, Newfoundland: L 48°57’ N, \ 54°34’ W; Malta, L 35°51’ 
N, 4 14°28 E. 

Required.—(1) Great-circle distance, (2) initial course Gander to Malta, (3) initial 
course Malta to Gander. 

Answers.—(1) D 3,047.4 mi., (2) TC 077°6, (3) TC 307°7 


CHAPTER XVIII 
TIME 


1801. Introduction.—Since the earth continually rotates on its axis at a nearly 
uniform rate, causing the celestial sphere to appear to circle the earth each day, the 
position of any celestial body relative to a point on the earth is continually changing. 
Hence, it is insufficient identification to state that a certain body has a specified altitude 
and azimuth, unless it is stated when these values apply. To state the ‘‘when” of any- 
thing is to identify its time. 

In navigation, t2me generally refers to the hour of the day or an elapsed period, 
stated to any desired degree of precision. It is customarily reckoned in accordance 
with observable phenomena. Thus, the year is the period of one revolution of the 
earth around the sun. The day is the period of one rotation of the earth on its axis. 

As used in navigation, time is an indication of the position of a reference point on the 
celestial sphere, relative to a reference celestial meridian. Specifically, it 1s the hour 
angle of the reference point relative to a selected celestial meridian. It is in the choice 
of the celestial reference points and the reference celestial meridian that the various 
kinds of time differ. 

If some fired point in space were marked in some identifiable way, it might serve as a 
reference point for a form of absolute time. But no such point has been found. When 
the sun is used as the reference point, solar time results, and when the vernal equinox is 
used, sidereal time results. 

If a numerical value is to be assigned to time, either solar or sidereal, a starting or 
zero celestial meridian must be specified. The hour of the day depends upon the selec- 
tion of the reference celestial meridian. 

It has been stated that the period of one rotation of the earth on its axis is a day. 
Since the various reference points travel at different rates, the length of a day depends 
upon the selection of the reference point. Thus, a solar day is longer than a sidereal 
day. But regardless of the length of the day, or its starting point, it is made up of 24 
equal parts called hours, each composed of 60 minutes of 60 seconds duration. Hence, 
the length of the hour, minute, and second depends upon the kind of time. Mean solar 
time (art. 1803) is usually implied unless some other kind is specified. 

In modern electronics even the second, short as it is (the 86,400th part of a day), isa 
crude measure, and hence the millisecond, one thousandth of a second (0001); micro- 
second, one millionth of a second (0°000,001); and millimicrosecond, one billionth of a 
second (0°000,000,001) are used. For celestial navigation the smallest unit normally 
used 1s the second. 

1802. Solar time.— Because of its influence on the daily affairs of man, the sun is the 
obvious reference for a system of time for general use. But solar time is uscd in a variety 
of forms. Mean time, universal time, apparent time, standard time, zone time, day- 
light saving time, summer time, war time, watch time, and chronometer time are all 
forms of solar time. Each will be discussed in its place. 

1803. Mean time.—It has been stated (art. 1801) that solar time is the hour angle 
of the sun relative to a selected reference meridian. Unfortunately, however, the hour 
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angle of the sun changes at a somewhat irregular rate. For convenience, a fictitious 
mean sun is conceived to move eastward along the celestial equator at a rate that 
provides a uniform measure of time equal to the average time reckoned from the 
true sun. The hour circles of the mean and true suns are never more than about 
4°1 (1674) apart. 

Solar time based upon the motion of the fictitious mean sun is called mean 
time, which is defined as the hour angle of the mean sun +12". This is the same as 
the hour angle from the lower branch of the meridian, the effect of the 12° being to start 
the day at midnight instead of noon. Ifthe measurement is made from the lower branch 
of the Greenwich (0°) meridian, Greenwich mean time (GMT) results. This is some- 
times called universal time (UT). It is the entering argument for the hour angle and 
declination tables of the almanacs and is widely used for navigation, timing of dis- 
patches, and other purposes. Similar time reckoned from the lower branch of the local 
meridian is called local mean time (LMT). The interval between two successive transits 
of the mean sun across the lower branch of the celestial meridian is a mean solar day. 
In a modified form mean time has many other applications, as will be explained later. 

1804. Apparent time.—Time reckoned by the actual sun is called apparent time, 
which is defined as the hour angle of the apparent sun (the actual sun which appears in 
the sky) +12". It is Greenwich apparent time (GAT) if reckoned from the lower 
branch of the Greenwich (0°) meridian and local apparent time (LAT) if reckoned from 
the lower branch of the local meridian. A sundial keeps LAT. Apparent time is useful 
in expressing the position of the true sun relative to the meridian. Thus, at local 
apparent noon (LAN) the true sun is on the celestial meridian of the observer. 

Since the apparent or true sun moves at a variable rate, the length of the apparent 
solar day (midnight to midnight apparent time) varies. Therefore, the length of ap- 
parent solar hours, minutes, and seconds is not constant, changing slightly as the rate of 
motion of the apparent sun changes. As indicated in article 1803, the difference be- 
tween mean and apparent time never exceeds about 1674. 

As previously stated (art. 1607), the speed 
C-——Feliptie_ SS vy of the earth in its orbit around the sun varies 
! ae ! with changing distance bet ween the two bodies. 
The earth moves faster at perihelion than it 
E =e ee does at aphelion. Consequently, as seen 
from the earth, the sun appears to move fas- 
7 ter in January than it does in July. The 
D' earth’s orbital speed is also affected to a lesser 
degree by the configuration of the moon, 
planets, and other celestial bodies. 
on Even if the earth’s orbital speed were uni- 
form, the hour angle would change at a var- 
iable rate, being slower at the equinoxes than 
at the solstices. The reasoa for this is illus- 
Figure 1804.—Constant rate around the trated in figure 1804, which shows the relation- 
CCl iter ae cre vected) ae veriable, <hange ship between short arcs of the ecliptic and the 
around the celestial equator. . ‘ 
celestial equator near the summer solstice (A) 
and vernal equinox (B). The sun moves along the ecliptic, and hour angle is meas- 
ured along the celestial equator. Hence, at the solstices (fig. 1804A) the motion is 
parallel to the celestial equator and a 1° change of position of the sun, CD, results 
in a 1° change of hour angle, EF. But at the equinoxes (fig. 1804B) a 1° change of 
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position, C’D’, results in only 0°9 change in hour angle, E’F’, since the motion is 
at an angle of about 23°5 to the celestial equator. The rate of hour angle change 
is also affected very minutely by a slight variation in the rotational speed of the earth. 

To find the apparent time, determine the hour angle of the sun, add or subtract 
180°, and convert the result from arc to time units (art. 1806). 

Example 1.—Find the GAT at GMT 16521™18° on 19 June 1955. As explained 
in articles 1902 and 1903, the GHA of the true sun and vernal equinox T is tabulated 
in The Air Almanac (app. E) for each 10" of GMT, and interpolation tables give the 
change in the tabulated value for each smaller interval. Thus, to find GHA of the 
sun or T at any instant only two numbers need be added. 

Solution.— 

19 June 
GMT 16" 21™ 188 
16°20™ 64° 44’ 
1™18° 20’ 
GHA 65° 04’ 
GHA+180° 245° 04’ 
GAT 16" 20™ 16° 

If the apparent time is known, it can be converted to mean time by changing it to 
arc units (art. 1806), adding or subtracting 180°, and determining the time at which 
that hour angle occurs, the reverse of the previous example. 

Example 2.—Find the GMT when the GAT is 9°13748* on 19 June 1955 


Solution.— 
19 June 
GAT 9° 13™ 488 
GHA-+ 180° 138° 27’ 
GHA 318° 27’ 
951 0™ 317° 15’ 
47488 1° 12’ 


GMT 9° 14748" June 19 


1805. Equation of time.—The difference between mean and apparent time is called 
the equation of time (Eq.T). It is positive (+) if the apparent time is later than mean 
time and negative (—) if the reverse is true. Thus, if the equation of time is known, 
it can be used for interconverting mean and apparent time directly. 

Example 1.—Find GAT when GMT is 14°35™52® and the equation of time is 
(—) 6™14°. 

Solution.— 

GMT 14° 35™ 52° 
Eq.T (—) 6™ 14° 
GAT 14° 29™ 388 


Erample 2.—The equation of time is (+) 16724°. 
Required.—Local mean time of local apparent noon. 
Solution.— 

LAT 12° 00™ 00° 

Eq.T (+) 16™ 24° (rev.) 

LMT 11° 43™ 36° 
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Note that the equation of time is applied to mean time in accordance with its sign. 
If applied to apparent time, the sign is reversed. 

The equation of time is not tabulated in The Air Almanac and is seldom used by air 
navigators. It is given in The American Ephemeris and Nautical Almanac and in 
condensed form in The Nautical Almanac. It can be found to an accuracy of a few 
seconds from The Air Almanac by adding (or subtracting) 12° to GMT. This gives the 
GHA of the mean sun in time units. Comparison of this with the GHA of the apparent 
sun, also in time units gives the equation of time. The sign is (+) if GHA apparent 
sun is larger and (—) if GHA mean sun is larger. 

Example 3.—Find the equation of time at GMT 9°14748® on 19 June 1955. 


Solution.— 
19 June 
GMT g> 14™ 48# 
(+) 12" 
GHA 21" 14™ 48° (mean sun) 
GHA 9°10" 317° 15° 
corr. for 4™4 88 1°12! 
GHA at 9°14™48® 318°27’ = 215 13™ 489 (true sun) 
Diff.=equation of time (—) 1™ 008. 


Note that the equation of time thus found agrees exactly with the difference be- 
tween GAT and GMT in example 2 of article 1804. Thesignis (—) because GHA of the 
mean sun is larger. The conversion of arc units to time units is explained in art. 1806. 

1806. Conversion of time units.—Since the mean sun completes one revolution of 
360° in 24 hours, it traverses 15° of longitude in 1 hour. Hence, an angular distance 
can be expressed as an equivalent mean time interval. For example, 60° of longitude 
is equivalent to 4" of mean time. 

Since 15° of arc units equals 60™ of time units, 1° (60’) of arc is equivalent to 4™ of 
time. Similarly 15’ of arc equals 1™ (60°) of time, and 1’ of arc equals 4° of time. 

To convert arc units to tume units: Divide the individual are units by 15 and 
multiply any remainders by 4. 

Example 1.—Convert 64°18’48’’ to time units. 

Solution.— 

64°18’ 48’ 
45 16™ (64°/15=4" plus 4°X4=16") 
1" 12° (18’/15=1™ plus 3’X4= 128) 
3°2 (48'"/15=3'2) 
4™17™15°2 

To convert time units to arc units: Multiply the number of hours by 15. 
Divide the number of minutes and seconds by 4 and multiply each remainder by 15. 

Example 2.—Convert 4°17™15°2 to arc units. 


Solution.— 
4h 47™15°2 
60° (4° 15=60°) 
4°15 (17"/4=4° plus 1"X15=15’) 


3°48’ (15°/4=3 plus 3°2 X 15=487’) 
64°18' 48” 
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A table for interconverting arc and mean time units is given in The Air Almanac 
(app. E). However, it is usually quicker to perform the operation mentally. 

1807. Time and longitude.—If the position of the mean sun at any given instant 
is known, its position at any other time can be determined as indicated in article 1806. 

Similarly, if its position relative to a given meridian is known, its position relative 
to any other meridian can be determined. For instance, at 0900 LMT the mean sun is 
35 or 45° east of the local meridian. This 45° can be changed or reduced to zero in 
either of two ways; first, by apparent motion of the mean sun westward (actual motion 
of the earth eastward), or second, by motion of the observer cither eastward or west- 
ward across the earth. Thus, if the sun is 45° east of the meridian and the observer 
does not change his position eastward or westward, the mean sun will be over the ob- 
server’s meridian in 3 hours, the time needed for the mean sun to travel 45°. The 
same result would occur if the mean sun were to remain stationary and the observer 
were to travel eastward 45° of longitude. Thatis, the result would be the same whether 
the mean sun moved west or the observer moved east. 

As the mean sun moves westward, time becomes later. Since motion of the 
observer eastward produces the same result, one finds it necessary to set his clock 
ahead (later) as he travels eastward and back (earlier) as he travels westward. This 
accounts for news which is received before its time of occurrence. At the breakfast table 
one learns that the emperor of Japan and an American general had lunch together the 
same day. Actually, it occurred several hours earlier, but because of the difference in 
time it is late afternoon in Japan when the news arrives. When the President of the 
United States addresses the nation from the White House at 10 pm, listeners on the 
west coast hear it at 7 pm. Election returns from the West always come in last because 
the polls there are last to close, again because of the difference in time. 

Thus, time and longitude are closely related. The difference in time between two 
places is exactly equal to their difference in longitude expressed in time units, assuming 
each is keeping the time of its own meridian. 

Example 1—The LMT at \ 75° W is 1200. What is the LMT at A 30° E? 


Solution.— 
LMT, 1200 
DLo 700 E 
LMT. 1900 


In this example the difference of longitude(DLo) is 75°+30°= 105°, and 105°/15° = 75. 
Since the second place is east of the first, the time is later at the second place. 
Example 2.—The LAT at A 65°24’ E is 19"18™22*°. What is the LAT at 
\ 108°52’ W? 
Solution.— 
LAT, 19°18™22° 
DLo 115377048 W 
LAT; 7°41™188 
When one of the places is Greenwich, the difference in longitude is the longitude 
itself. 
Example 3.—The LAT at » 94°27’ W is 7°21709%. What is the GAT? 
Solution.— 
LAT 7°21™09° 
A 65177488 W 
GAT 13387578 
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Note that the equation of time is applied to mean time in accordance with its sign. 
If applied to apparent time, the sign is reversed. 

The equation of time is not tabulated in The Air Almanac and is seldom used by air 
navigators. It is given in The American Ephemeris and Nautical Almanac and in 
condensed form in The Nautical Almanac. It can be found to an accuracy of a few 
seconds from The Air Almanac by adding (or subtracting) 12°to GMT. This gives the 
GHA of the mean sun in time units. Comparison of this with the GHA of the apparent 
sun, also in time units gives the equation of time. The sign is (+) if GHA apparent 
sun is larger and (—) if GHA mean sun is larger. 

Example 8.—F ind the equation of time at GMT 9°14™48* on 19 June 1955. 


Solution.— 
19 June 
GMT gh 14™ 488 
(+)12" 
GHA 21" 14™ 48* (mean sun) 
GHA 9°10™ 317°15’ 
corr. for 4™4 88 1°12’ 
GHA at 9514748 318°27’ = 215 13™ 48® (true sun) 
Diff.=equation of time (—) 17 00°. 


Note that the equation of time thus found agrees exactly with the difference be- 
tween GAT and GMT in example 2 of article 1804. Thesignis (—) because GHA of the 
mean sun is larger. The conversion of arc units to time units is explained in art. 1806. 

1806. Conversion of time units.—Since the mcan sun completes one revolution of 
360° in 24 hours, it traverses 15° of longitude in 1 hour. Hence, an angular distance 
can be expressed as an equivalent mean time interval. For example, 60° of longitude 
is equivalent to 4" of mean time. 

Since 15° of arc units equals 607 of time units, 1° (60’) of arc is equivalent to 4™ of 
time. Similarly 15’ of arc equals 1™ (60°) of time, and 1’ of arc equals 4° of time. 

To convert arc units to tume units: Divide the individual are units by 15 and 
multiply any remainders by 4. 

Example 1.—Convert 64°18’48’’ to time units. 

Solution.— 

64°18’ 48”’ 
4016" (64°/15=4" plus 4°X4=16") 
p12 (18’/15=1™ plus 3’xK4= 12°) 
3°2 (48’"/15=3°2) 
4517™15%2 

To convert time units to are units: Multiply the number of hours by 15. 
Divide the number of minutes and seconds by 4 and multiply each remainder by 15. 

Example 2.—Convert 4°17715°2 to arc units. 


Solution.— 
45 17™15°2 
60° (45 15=60°) 
4°15’ (177/4=4° plus 17X15=15’) 


3°48" (15°/4=37 plus 3°2K 15=487") 
64°18’ 487’ 
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A table for interconverting arc and mean time units is given in The Air Almanac 
(app. E). However, it is usually quicker to perform the operation mentally. 

1807. Time and longitude.—If the position of the mean sun at any given instant 
is known, its position at any other time can be determined as indicated in article 1806. 

Similarly, if its position relative to a given meridian is known, its position relative 
to any other meridian can be determined. For instance, at 0900 LMT the mean sun is 
35 or 45° east of the local meridian. This 45° can be changed or reduced to zero in 
either of two ways; first, by apparent motion of the mean sun westward (actual motion 
of the earth eastward), or second, by motion of the observer either eastward or west- 
ward across the earth. Thus, if the sun is 45° east of the meridian and the observer 
does not change his position eastward or westward, the mean sun will be over the ob- 
server’s meridian in 3 hours, the time needed for the mean sun to travel 45°. The 
same result would occur if the mean sun were to remain stationary and the observer 
were to travel eastward 45° of longitude. That is, the result would be the same whether 
the mean sun moved west or the observer moved east. 

As the mean sun moves westward, time becomes later. Since motion of the 
observer eastward produces the same result, one finds it necessary to set his clock 
ahead (later) as he travels eastward and back (earlier) as he travels westward. This 
accounts for news which is received before its tume of occurrence. At the breakfast table 
one learns that the emperor of Japan and an American general had lunch together the 
same day. Actually, it occurred several hours earlier, but because of the difference in 
time it is late afternoon in Japan when the news arrives. When the President of the 
United States addresses the nation from the White House at 10 pm, listeners on the 
west coast hear it at 7 pm. Election returns from the West always come in last because 
the polls there are last to close, again because of the difference in time. 

Thus, time and longitude are closely related. The difference in time between two 
places is exactly equal to their difference in longitude expressed in time units, assuming 
each is keeping the time of its own meridian. 

Example 1.—The LMT at A 75° W is 1200. What is the LMT at A 30° E? 


Solution.— 
LMT, 1200 
DLo 700 E 
LMT, 1900 


In this example the difference of longitude(DLo) is 75° +30°= 105°, and 105°/15° =75. 
Since the second place is east of the first, the time is later at the second place. 
Ezrample 2—The LAT at Xd 65°24’ E is 19°18™22%. What is the LAT at 
d 108°52’ W? 
Solution.— 
LAT, 19°18™22° 
DLo 11°37704° W 
LAT: 75417188 
When one of the places is Greenwich, the difference in longitude is the longitude 
itself. 
Example 3.—The LAT at \ 94°27’ W is 7°21709°. What is the GAT? 
Solution.— 
LAT 7°21™09° 
A 65177485 W 
GAT 13°38™578 
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Example 4.—The GMT is 3536745. What is the LMT at A 155°14’ E? 
Solution.— 


GMT 3536745 
d 10°20756° E 
LMT 135577418 
Example 5.—Find the LAT at X 73°24’ W when the GMT is 9°15™33* on 19 
June 1955. 


Solution.— 19 J une 
GMT 9°] 5™338 
9°10" 317°15/ 
67335 1°23 
GHA 318°38’ 

A 73°24’ W 
LHA 245°14’ 
LHA — 180° 65°14’ 


LAT 4"20™56° 

1808. Sidereal time.—dAs indicated in article 1801, sidereal time is involved when 
the vernal equinox is used as the reference point. It is similar to mean time except 
that the sidereal day starts when the reference point is on the upper branch of the 
celestial meridian. Hence, sidereal time is defined as the hour angle of the vernal 
equinox. It is Greenwich sidereal time (GST) or local sidereal time (LST) as the 
Greenwich or local celestial meridian is used as the origin for measurement of hour 
angle. There is no sidereal date. 

Like solar days, sidereal days are divided into 24 hours, each having 60 minutes 
of 60 seconds duration. Since the sidereal day is shorter than the solar day, the sidereal 
hours, minutes, and seconds are also shorter than the similar units of solar time. The 
tropical year, on which the present calendar is based, consists of 365.2422 mean solar 


: ; : : . 365.2422 

days and 366.2422 sidereal days. Therefore, a sidereal unit or interval is Tay ey 
‘ ; 365.2422 

times the length of the corresponding mean solar unit. Thus, a8 ane boa 


23°9345= 2356704, or the sidereal day is about 3"56° shorter than the mean solar day. 

Sidereal time can be determined to a high degree of accuracy by noting the 
instant various stars transit the celestial meridian. Because of this, sidereal time has 
long been the means of regulating mean solar time, since the two are easily inter- 
converted if the position of the star is accurately known. 

Sidereal time is particularly useful in relation to star observation because at any 
given LST the stars are always in the same position relative to an observer at the same 
latitude, except for a very slow change due to proper motion, the actual motion of the 
stars themselves across the line of sight, and precession of the equinoxes. Sidereal 
time, either directly or indirectly, is used as an entering argument for star charts, star 
finders, and certain celestial navigation tables (notably H.O. 249). Timepieces rated 
to sidereal time are available and are particularly useful for some methods of solving 
eclestial observations. 

To find sidereal time from an almanac it is necessary only to find the hour angle 
of the vernal equinox and convert it to time units. 
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Example 1.—Find the GST at GMT 15°24™18* on 19 June 1955. 


Solution.— 
19 June 
GMT 15°24™18* 
15°20" 137°05’ 
4™18° 1°05’ 
GHAT 138°10’ 
GST 9°12™40° 


Example 2.—Find the LST at \ 107°26’ W when the LMT is 3°17™26° on 20 June 
1955. 
Solution.— 


20 June 

LMT 3°17™265 
A 75097445 W 

GMT 10°277108 


10°20™ 62°51’ 
7™10° 1°48’ 
GHAT 64°39’ 
A 107°26’ W 
LHAT 42°47’ 


LST 2°51™08° 


Example 3.—Find the LST when the true sun is on the celestial meridian at 
d 91°04’ E on 20 June 1955. 


Solution.— 
20 June 
GHA 268°56’ (360°—91°04’) 
5°50™ 267°12’ 
6"56° 1°44’ 
GMT 5°567568 
5°50™ 355°10’ 
6756° 1°44’ 
GHAT 356°54’ 
A 91°04’ EB 
LHAT +360° 447°58’ 
LHAYT — 87°58’ 


LST 5°51752° 

When the sun is on the celestial meridian, its LHA is 0° and its GHA is the longitude 
if west and 360°—A if east. 

1809. Standard time.—Although time based upon one’s local meridian (LMT, 
LAT, or LST) has many uses, it is not convenient for regulating the daily affairs of 
man, because each small change in longitude results in a comparable change in time. 
For a craft moving in an easterly or westerly direction the local time is continually 
changing. Each community has a different local time. 
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Example 4.—The GMT is 3°36™45°. What is the LMT at A 155°14’ E? 
Solution.— 
GMT 3°36™45° 
r 10°20756° E 
LMT 13°57™41° 
Example 5.—Find the LAT at \ 73°24’ W when the GMT is 9°15733*° on 19 
June 1955. 


Solution.— 19 June 
GMT 99157338 

9510" 317°15’ 

5™33° 1°23’ 

GHA 318°38’ 

r 73°24’ W 
LHA 245°14’ 
LHA — 180° 65°14’ 


LAT 4207565 

1808. Sidereal time.—As indicated in article 1801, sidereal time is involved when 
the vernal equinox is used as the reference point. It is similar to mean time except 
that the sidereal day starts when the reference point is on the upper branch of the 
celestial meridian. Hence, sidereal time is defined as the hour angle of the vernal 
equinox. It is Greenwich sidereal time (GST) or local sidereal time (LST) as the 
Greenwich or local celestial meridian is used as the origin for measurement of hour 
angle. There is no sidereal date. 

Like solar days, sidereal days are divided into 24 hours, each having 60 minutes 
of 60 seconds duration. Since the sidereal day is shorter than the solar day, the sidereal 
hours, minutes, and seconds are also shorter than the similar units of solar time. The 
tropical year, on which the present calendar is based, consists of 365.2422 mean solar 


S e e e e 365.2422 
days and 366.2422 sidereal days. Therefore, a sidereal unit or interval is 366.0499 
: : : 365.2422 
times the length of the corresponding mean solar unit: Thus, 28 xX 56604007 


23°9345 = 2356704", or the sidereal day is about 3"56° shorter than the mean solar day. 

Sidereal time can be determined to a high degree of accuracy by noting the 
instant various stars transit the celestial meridian. Because of this, sidereal time has 
long been the means of regulating mean solar time, since the two are easily inter- 
converted if the position of the star is accurately iniown, 

Sidereal time is particularly useful in relation to star observation because at any 
given LST the stars are always in the same position relative to an observer at the same 
latitude, except for a very slow change due to proper motion, the actual motion of the 
stars themselves across the line of sight, and precession of the equinoxes. Sidereal 
time, either directly or indirectly, is used as an entering argument for star charts, star 
finders, and certain celestial navigation tables (notably H.O. 249). Timepieces rated 
to sidereal time are available and are particularly useful for some methods of solving 
celestial observations. 

To find sidereal time from an almanac it is necessary only to find the hour angle 
of the vernal equinox and convert it to time units. 
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Example 1.—Find the GST at GMT 15°24™18* on 19 June 1955. 
Solution.— 
19 June 
GMT 15°24718* 
15°20™ 137°05’ 


4™18° 1°05’ 
GHAT 138°10’ 
GST 9°12™40° 


Example 2.—Find the LST at \ 107°26’ W when the LMT is 3°17726* on 20 June 
1955. 
Solution.— 


20 June 

LMT 35177265 
A 7509™445 W 

GMT 10°277105 


10°20™ 62°51’ 

7™10° 1°48’ 

GHAT 64°39’ 
A 107°26’ W 


LHAT 42°47’ 
LST 2°51708° 
Example 3.—Find the LST when the true sun is on the celestial meridian at 
d 91°04’ E on 20 June 1955. 


Solution.— 
20 June 
GHA 268°56’ (360°—91°04’) 
5°50" 267°12’ 
6756° 1°44’ 
GMT 5567565 
5550™ 355°10/ 
6756° 1°44’ 
GHAT 356°54’ 
DN 91°04’ E 
LHAT +360° 447°58’ 
LHAT — 87°58’ 


LST 5551752 

When the sun is on the celestial meridian, its LH A is 0° and its GHA is the longitude 
if west and 360°—A if east. 

1809. Standard time.—Although time based upon one’s local meridian (LMT, 
LAT, or LST) has many uses, it is not convenient for regulating the daily affairs of 
man, because each small change in longitude results in a comparable change in time. 
For a craft moving in an easterly or westerly direction the local time is continually 
changing. Each community has a different local time. 


eee Zone time not used 
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(From H.O. chart No. 5192.) 


Friaure 1809.—Time zones. 
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Consequently, in 1884, at the suggestion of railroads which found it difficult to 
schedule their trains satisfactorily, Congress adopted a uniform system applicable to 
the continental United States. Four time zones were established, each extending for 
approximately 15° of longitude, with a meridian divisible by 15° an integral number 
of times at the center. This central meridian was designated the standard meridian 
and its local mean time was designated as standard time within its zone. Thus, clocks 
in the same zone kept the same time and clocks in adjacent zones differed by exactly 
one hour. The time zones are as follows: 


Central 

Zone Meridian 
Eastern Standard 75° W 
Central Standard 90° W 
Mountain Standard 105° W 
Pacific Standard 120° W 


Boundaries of the standard time zones are somewhat irregular, to avoid dividing 
large population centers. In general, they follow State lines and sparsely populated 
areas. 

This system, which has been extended to nearly all of the civilized world, is shown 
in figure 1809, a simplified adaption of H.O. chart No. 5192. 

1810. Daylight saving time.—In the spring and summer, the period of daylight is 
longer than the period of darkness. During this period some communities elect to 
adjust their time so as to utilize the long daylight to better advantage. This is done 
by advancing all clocks 1 hour. Thus, all scheduled activities are brought 1 hour 
nearer sunrise, and the interval between the ‘close of business” and sunset is increased 
1 hour. The period during which daylight saving time is in effect is usually from the 
last Sunday in April to the last Sunday in September. 

Since daylight saving time is 1 hour ahead of standard time, it is sometimes called 
“fast time.’’ Railroads generally maintain their schedules on standard time, and 
hence a scheduled departure at 10 o’clock standard time, for example, is equivalent to 
11 o’clock daylight saving or fast time. 

Daylight saving time is the same as the standard time in the adjacent zone to the 
eastward. Under war conditions, all clocks in the country may be kept 1 hour fast 
throughout the year. This is called war time (WT). Both daylight saving and war 
time take the designation of the appropriate standard time zone. For example, eastern _ 
standard time (EST) becomes eastern daylight saving time (EDT) or eastern war time 
(EWT). 

In Europe “fast” time is called summer time. As indicated in figure 1809, some 
areas (France and Spain, for example) use a form of “fast’’ time throughout the year, 
the result being to shift the whole period of daylight later in the day. 

1811. Zone time.—As used at sea, and in navigation generally, the standard time 
zones extend from pole to pole and are exactly 15° of longitude wide. In this system of 
zone time (ZT) the standard meridian is always the nearest meridian divisible by 15° 
an integral number of times. 

The zone is numbered for the multiple of 15° and labeled (+-) if in west longitude 
and (—) if in east longitude. Thus, zone (+)1 extends from pole to pole 7},° on each 
side of the standard meridian at 15° W, and zone (—)5, centered on longitude 75° E, 
extends from 67° E to 824° E. The zero zone centered on Greenwich extends from 
74° E to 7%° W, and the twelfth zone centered on the 180° meridian, from longitude 
172%° W, to 17214° E, that half in west longitude being designated (+)12 and the half 
in east longitude (—)12. 
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For brevity of communication, the zones are sometimes designated by a letter 
sufhx instead of a zone description. Thus, zones in east longitude are lettered A 
through Jf (omitting J) and zones in west longitude are lettered N through Y. The 
letter Z is reserved for the zero zone. 

In the zone time svstem an instant of time is uniquely described by the time and 
the zone description (ZD) or letter suffix, for example, 1652 zone (+)5 or 1652 R. The 
limits, description, and letter suffix of each zone are shown on H.O. chart No. 5192 (fig. 
1809). 

One of the principal advantages of the zone time svstem in navigation is the ease 
with which any instant of time can be converted to GMT. or vice versa. For example, 
the zone time (ZT) of any longitude is converted to GMT by applying the zone 
description in accordance with its sign. 

Example 1.—In \ 117°42’ W the zone time is 10°52718°. 

Required.—Greenwich mean time. 


Solution.— 
ZT 10°52718° 
ZD (+)8 
GMT 18°52718° 


Note that zone description is that of the nearest standard meridian (120° W). 
The longitude of the place in question is never more than 74° away from its standard 
meridian. 

Example 2.—In \ 157°31’ E the zone time ts 21°47756*. 

Required.—Greenwich mean time. 

Solution.—The dividing line between zone (—)10 and zone (—)11 is A 157°30’ E. 
Since the given longitude is east of this line, the nearest standard meridian is 165° E and 
ZD is (—)11. 


ZT 21947756" 
ZD (—)11 
GMT 10°47756° 


Example 3.—The GMT is 17°02746° and the longitude is 87°17’ W. 
Required.—The zone time. 


Solutioa.— 
GMT 17°02746° 
ZD (~— 6 (rev.) 
ZT 11°02746° 


Note that the sign of the zone description is (+), since the longitude is west, and 
that it remains unchanged even though it is applied in the reverse direction when de- 
riving ZT from GMT. This ts indicated by “trev.).” 

Since zone time is LMT at a specified meridian. zone time and mean time are inter- 
converted by applying the difference in longitude. as explained in article 1807. 

Example 4.—The ZT at A S7°24" Wiis F22718°*. 

Required. —The LMT. 

Solution.— 

ZT 71S! 
dX (— 107243 
LMT Pia eae sta 
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When interconverting ZT and LMT it is customary to express the difference of 
longitude (DLo) as dd and to label it (+) or (—) to indicate how it is to be applied. If 
the place is east of the standard meridian, its LMT is /ater, and if west of the standard 
meridian, the ZT is later. Note that this rule applies to the position of the place relative 
to the standard meridian, whether the longitude is east or west. 

Example 5.—The time of sunrise at \ 155°17’ Eis given in The Air Almanac as 0527. 

Required.—The ZT of sunrise. 





Solution.— 
LMT 0527 
dn (—)21 
ZT 0506 


As indicated in chapter XIX, the time given in The Air Almanac for sunrise, sun- 
set, moonrise, and moonset is local mean time. ‘This is the principal navigational use 
of this form of time. All forms of zone time (including standard, daylight saving, war, 
and summer times) are but special cases of mean time in which, for convenience, the same 
standard reference celestial meridian is used for a number of adjacent celestial meridians. 

1812. The time diagram.—lIn the solution of problems involving time, a time dia- 
gram is frequently helpful in visualizing the relationships involved. It is desirable that 
a time diagram be oriented to show the motion of a celestial body as it would appear to 
an observer. Thus, as in figure 1812a, if the observer were looking northward from a 
point over the south pole, the sun would appear to move above the earth in a counter- 
clockwise direction. From latitudes of the United States, stars of the ‘“‘big dipper’’ and 
others of high northerly declination appear to circle Polaris and the north celestial pole 
in this manner. 

In the figure Mm is the local meridian, usually drawn vertically with M at the top, 
and Gg is the Greenwich meridian, the lower branches being shown as broken lines. 
Arc GM is the longitude of M, in this case 75° W. If the local time is 1000, the sun is 
2 or 30° east of the local meridian. It is also 3" or 45° west of the Greenwich meridian, 
and the GMT is 1500. 

If, as in the continental United States, the sun is always south of an observer, it 
appears to him to move from left to right. In this case, the time diagram can appro- 
priately be drawn as from the north pole, looking south. It will then appear as in figure 
1812b. All relationships are the same except that the direction of rotation is reversed. 


M 





m ™m 
FicurE 1812a.—A time diagram for \ 75° W, ZT =‘ Fiaure 1812b.—A time diagram for A 75° W, ZT 
1000, drawn as seen from a point over the south 1000, drawn as seen from a point over the north 


celestial pole. Compare with figure 1812b. celestial pole. Compare with figure 1812a. 
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For brevity of communication, the zones are sometimes designated by a letter 
suffix instead of a zone description. Thus, zones in east longitude are lettered A 
through M (omitting J) and zones in west longitude are lettered N through Y. The 
letter Z is reserved for the zero zone. 

In the zone time system an instant of time is uniquely described by the time and 
the zone description (ZD) or letter suffix, for example, 1652 zone (+)5 or 1652 R. The 
limits, description, and letter suffix of each zone are shown on H.O. chart No. 5192 (fig. 
1809). 

One of the principal advantages of the zone time system in navigation is the ease 
with which any instant of time can be converted to GMT, or vice versa. For example, 
the zone time (ZT) of any longitude is converted to GMT by applying the zone 
description in accordance with its sign. 

Example 1.—In \ 117°42’ W the zone time is 10°52™18°. 

Required.—Greenwich mean time. 


Solution.— 
ZT 10°52™188 
ZD (+)8 
GMT 18°52™18° 


Note that zone description is that of the nearest standard meridian (120° W). 
The longitude of the place in question is never more than 7%° away from its standard 
meridian. 

Example 2.—In \ 157°31’ E the zone time is 21"47™56°. 

Required.—Greenwich mean time. 

Solution.—The dividing line between zone (—)10 and zone (—)11 is A 157°30’ E. 
Since the given longitude is east of this line, the nearest standard meridian is 165° E and 
ZD is (—)11. 


ZT 2147756" 
ZD (—)11 
GMT 10°47™56° 


Example 3.—The GMT is 17°02™468 and the longitude is 87°17’ W. 
Required.—The zone time. 


Solution.— 
GMT 17°02™468 
ZD (+)6 (rev.) 
ZT 11°02™465 


Note that the sign of the zone description is (+), since the longitude is west, and 
that it remains unchanged even though it is applied in the reverse direction when de- 
riving ZT from GMT. This is indicated by ‘‘(rev.).” 

Since zone time is LMT at a specified meridian, zone time and mean time are inter- 
converted by applying the difference in longitude, as explained in article 1807. 

Example 4.—The ZT at d 87°24’ W is 7°22™18°. 

Required.—The LMT. 

Solution.— 

ZT C2218" 
dy  (+)10™248 
LMT 732428 
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When interconverting ZT and LMT it is customary to express the difference of 
longitude (DLo) as dd and to label it (+) or (—) to indicate how it is to be applied. If 
the place is east of the standard meridian, its LMT is later, and if west of the standard 
meridian, the ZT is later. Note that this rule applies to the position of the place relative 
to the standard meridian, whether the longitude is east or west. 

Example 5.—The time of sunrise at \ 155°17’ E is given in The Air Almanac as 0527. 

Required.—The ZT of sunrise. 





Solution.— 
LMT 0527 
dX (—)21 
ZT 0506 


As indicated in chapter XIX, the time given in The Air Almanac for sunrise, sun- 
set, moonrise, and moonset is local mean time. This is the principal navigational use 
of this form of time. All forms of zone time (including standard, daylight saving, war, 
and summer times) are but special cases of mean time in which, for convenience, the same 
standard reference celestial meridian is used for a number of adjacent celestial meridians. 

1812. The time diagram.—In the solution of problems involving time, a time dia- 
gram is frequently helpful in visualizing the relationships involved. It is desirable that 
a time diagram be oriented to show the motion of a celestial body as it would appear to 
an observer. Thus, as in figure 1812a, if the observer were looking northward from a 
point over the south pole, the sun would appear to move above the earth in a counter- 
clockwise direction. From latitudes of the United States, stars of the ‘‘big dipper’ and 
others of high northerly declination appear to circle Polaris and the north celestial pole 
in this manner. 

In the figure Mm is the local meridian, usually drawn vertically with M at the top, 
and Gg is the Greenwich meridian, the lower branches being shown as broken lines. 
Arc GM is the longitude of M, in this case 75° W. If the local time is 1000, the sun is 
2° or 30° east of the local meridian. It is also 3° or 45° west of the Greenwich meridian, 
and the GMT is 1500. 

If, as in the continental United States, the sun is always south of an observer, it 
appears to him to move from left to right. In this case, the time diagram can appro- 
priately be drawn as from the north pole, looking south. It will then appear as in figure 
1812b. All relationships are the same except that the direction of rotation is reversed. 


7 YZ» a ‘ 


9 9 
m ™m 
Figure 1812a.—A time diagram for \ 75° W, ZT =‘ Ficure 1812b.—A time diagram for A 75° W, ZT 
1000, drawn as seen from a point over the south 1000, drawn as seen from a point over the north 


celestial pole. Compare with figure 1812b. celestial pole. Compare with figure 1812a. 
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For brevity of communication, the zones are sometimes designated by a letter 
suffix instead of a zone description. Thus, zones in east longitude are lettered A 
through M (omitting J) and zones in west longitude are lettered N through Y. The 
letter Z is reserved for the zero zone. 

In the zone time system an instant of time is uniquely described by the time and 
the zone description (ZD) or letter suffix, for example, 1652 zone (+-)5 or 1652 R. The 
limits, description, and letter suffix of each zone are shown on H.O. chart No. 5192 (fig. 
1809). 

One of the principal advantages of the zone time system in navigation is the ease 
with which any instant of time can be converted to GMT, or vice versa. For example, 
the zone time (ZT) of any longitude is converted to GMT by applying the zone 
description in accordance with its sign. 

Example 1.—In \ 117°42’ W the zone time is 10"52™18°. 

Required.—Greenwich mean time. 


Solution.— 
ZT 10°52™18* 
ZD (+)8 
GMT 18527185 


Note that zone description is that of the nearest standard meridian (120° W). 
The longitude of the place in question is never more than 7%° away from its standard 
meridian. 

Example 2.—In \ 157°31’ E the zone time is 21°47™568. 

Required.—Greenwich mean time. 

Solution.—The dividing line between zone (—)10 and zone (—)11 is A 157°30’ E. 
Since the given longitude is east of this line, the nearest standard meridian is 165° E and 
ZD is (—)11. 


ZT 21°47™56° 
ZD (—)11 
GMT 10°47™56° 


Example 3.—The GMT is 17°02™46° and the longitude is 87°17’ W. 
Required.—The zone time. 


Solution.— 
GMT 17°02™468 
ZD (+)6 (rev.) 
ZT 11"02™46° 


Note that the sign of the zone description is (+), since the longitude is west, and 
that it remains unchanged even though it is applied in the reverse direction when de- 
riving ZT from GMT. This is indicated by ‘“‘(rev.).” 

Since zone time is LMT at. a specified meridian, zone time and mean time are inter- 
converted by applying the difference in longitude, as explained in article 1807. 

Example 4.—The ZT at d 87°24’ W is 7°22™18°. 

Required.—The LMT. 

Solution.— 

ZT 7°22™1 8° 
dy (+)10™24° 
LMT Vas 42° 
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When interconverting ZT and LMT it is customary to express the difference of 
longitude (DLo) as dd and to label it (+) or (—) to indicate how it is to be applied. If 
the place is east of the standard meridian, its LMT is later, and if west of the standard 
meridian, the ZT is /ater. Note that this rule applies to the position of the place relative 
to the standard meridian, whether the longitude is east or west. 

Example 5.—The time of sunrise at \ 155°17’ E is given in The Air Almanac as 0527. 

Required.—The ZT of sunrise. 





Solution.— 
LMT 0527 
dr (—)21 
ZT 0506 


As indicated in chapter XTX, the time given in The Air Almanac for sunrise, sun- 
set, moonrise, and moonset is local mean time. This is the principal navigational use 
of this form of time. All forms of zone time (including standard, daylight saving, war, 
and summer times) are but special cases of mean time in which, for convenience, the same 
standard reference celestial meridian is used for a number of adjacent celestial meridians. 

1812. The time diagram.—lIn the solution of problems involving time, a time dia- 
gram is frequently helpful in visualizing the relationships involved. It is desirable that 
a time diagram be oriented to show the motion of a celestial body as it would appear to 
an observer. Thus, as in figure 1812a, if the observer were looking northward from a 
point over the south pole, thesun would appear to move above the earth in a counter- 
clockwise direction. From latitudes of the United States, stars of the “big dipper’ and 
others of high northerly declination appear to circle Polaris and the north celestial pole 
in this manner. 

In the figure Mm is the local meridian, usually drawn vertically with M at the top, 
and Gg is the Greenwich meridian, the lower branches being shown as broken lines. 
Arc GM is the longitude of M, in this case 75° W. If the local time is 1000, the sun is 
2" or 30° east of the local meridian. It is also 3° or 45° west of the Greenwich meridian, 
and the GMT is 1500. 

If, as in the continental United States, the sun is always south of an observer, it 
appears to him to move from left to right. In this case, the time diagram can appro- 
priately be drawn as from the north pole, looking south. It will then appear as in figure 
1812b. All relationships are the same except that the direction of rotation is reversed. 


M 





m ™m 
FicurE 1812a.—A time diagram for \ 75° W, ZT =-Ficure 1812b.—A time diagram for A 75° W, ZT 
1000, drawn as seen from a point over the south 1000, drawn as seen from a point over the north 


celestial pole. Compare with figure 1812b. celestial pole. Compare with figure 1812a. 
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By convention, time diagrams are customarily drawn as looking north from the 
south pole, as in figure 1812a. 

1813. Greenwich date.—Frequently the Greenwich date differs from the local date. 
Since almanac entries for GHA and declination are given for Greenwich time and date, 
it is important that the Greenwich date be ascertained so that the correct almanac page 
can be entered. Figure 1813a shows a time diagram for longitude 120° W. If the local 
time is ZT 2200 on 4 October, in 2 hours the sun will cross the lower branch of the local 
meridian and a new day, 5 October, will begin. Since the sun has already crossed the 
lower branch of the Greenwich meridian, 5 October has already begun at Greenwich and 
is now 6" old. The GMT is therefore 0600 on 5 October. | 

In figure 1813b the longitude is 60° E and ZT is 0300 on 25 November. The sun 
has already crossed the lower branch of the local meridian, but has not yet reached the 
Greenwich meridian. Consequently, the date is still 24 November at G, and GMT is 
2300. 


W-- 7) -*E 


M 





Figure 1813a.—ZT 2200 on 4 October at 120°W. = Ficure 1813b.—ZT 0300 on 25 November at A 
A new day has already started at the Greenwich 60° E. GMT is 2300 on 24 November. A 
meridian and GMT is 0600 on 5 October: date difference occurs only when the sun is 

between the lower branches of the standard 
meridians, the easterly meridian having the 
later date. 


The local and Greenwich dates differ when the mean sun is between the lower 
branches of the two meridians, assuming that standard time meridians are used. The 
later date is at the easterly meridian. When the date differs, the application of zone 
description to ZT or GMT results in the sum exceeding 24° or the remainder being 


negative. 
Example 1.—Find the GMT and date at dX 157°43’ W if the ZT is 17°42717* on 6 
April. 
Solution.— 
ZT 17°42™17* April 6 
ZD (+)11 
GMT 28'42717° April 6 


= 4"42™17* April 7 
Note that application of the zone description results in a GMT of more than 24, 
The excess over 24" is the GMT on the nezt day. 
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Example 2.—Find the ZT and date at \ 157°43’ W if the GMT is 4542717* on 7 


April. 
Solution.— 
GMT 45427178 April 7 
= 28°42™17" April 6 
ZD (+)11 (rev.) 
ZT 17°42717° April 6 


Note that 24° are added and the date reduced by one day. 

It is sometimes necessary to add or subtract time intervals. The following example 
illustrates a convenient form for this purpose. 

Example 3.—An aircraft departs on a flight at GMT 21°35" on 14 July. It 
lands 6°42™ later. 

Required.—GMT time and date of arrival. 


Departure 14°21°35™ 
Interval 6>42™ 
Arrival 15% 4517™ 

Answer.—GMT 4°17" on 15 July. 

1814. Date line.—An interesting problem is posed by the question, Where does a 
day first begin? To use a familiar example, at what point on the earth does New 
Year’s Day occur first? 

The answer is suggested by noting that at Greenwich mean noon, the same date 
exists around the earth. This is shown in figure 1814a. When the sun is over the upper 
branch of the Greenwich meridian, it is over the lower branch of the 180th meridian, 
where a new day is about to begin. Suppose, for ex- 
ample, that GMT is 12°00" on 31 December. The Mg 
mean times near the 180th meridian are as follows: 


GMT 12°00" Dec. 31 12°00" Dec. 31 
A 115597 E 11°59" W 

LMT 23°597 Dec. 31 0°01™ Dec. 31 

Note that at \ 11°59™ E (179°45’ E) just west of 
the 180th meridian, 31 December is almost ended, 
but that at » 11°59™ W (179°45’ W) just east of the 
meridian,31 December is just beginning. The new 
day, 1 January, first begins at \ 180° at GMT 12° 
on 31 December. The line at which each new day 
begins, approximating the 180th meridian, is called 
the date line. mG 

Figure 1814b shows that the later date is to the Figure 1814a.—A time diagram for 
west (left) of the 180th meridian. This can easily 180° at midnight. 
be remembered if some date, as an anniversary, can 
be associated with a number whose right-hand digit is one less than its adjacent digit. 
Thus, the years 1921, 1932, 1943, 1954, etc., can be used. As shown in figure 1814b, 
1954 properly written across the 180th meridian indicates that the later date is to 
the west (east longitude). 

The principal problem in which the 180th meridian is involved is that of finding 

the correct local date after the date line has been crossed. 
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FicureE 1814b.—A device for remembering which date is greater at the date line. 


Example 1.—An aircraft departs from L 47°28’ N, » 172°20’ W at 0800 on 25 
November and after a westward flight of 6"27™ is at L 44°52’N, » 176° 11’E. 
Required.—The zone time and date of arrival. 





Solution.— 

ZT of departure 0800 Nov. 25 
ZD (Hu 

GMT of departure 1900 Nov. 25 
Flight time interval 627 

GMT of arrival 0127 Nov. 26 
ZD (—)12 (rev.) 
ZT of arrival 1327 Nov. 26 


Note that flight time is added to GMT of departure and that the date of arrival 
after a westward crossing is a day later. 

Example 2.—An aircraft departs from Auckland, New Zealand (L 36°51’ S, 
 174°46’ E), at 0800 on 18 February. TC 085°, GS 220K. At 1010 a fix is obtained 
at L 35°46’ S, 4 176°02’ W. 


Required.—(1) GMT and date at fix, (2) local date. 


Solution.— 
ZT of departure 0800 Feb. 18 
ZD (—)12 
GMT of departure 2000 Feb. 17 
Time of flight 210 
GMT of arrival 2210 Feb. 17 (1) 
ZD (+-)12 (rev.) 
ZT of arrival 1010 Feb. 17 (2) 


1815. Watch time.— Most watches and clocks are set approximately to zone time. 
On long flights it is common practice to set the navigational watches to Greenwich 
mean time, and for some purposes they may be rated and set to Greenwich sidereal 
time. Regardless of the kind of time to which a watch is set, its reading is called 
watch time (W). 
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Since most watches have a 12-hour dial, it is customary to indicate watch time 
on a 12-hour basis and label it am if between midnight and noon and pm if between 
noon and midnight. Noon is sometimes indicated 12 m (12 meridian). Midnight is 
12 pm. Half an hour after midnight the time is 12:30 am and 20 minutes after 12 m 
the time is 12:20 pm. 

A chronometer is a very accurate timepiece with a nearly-constant daily rate 
(art. 403). It is usually set to GMT and only occasionally reset, to avoid the possi- 
bility of changing its daily rate. Such a timepiece with an enlarged watch-type move- 
ment was formerly called a chronometer watch. However, better practice is to use 
the term chronometer or watch, as appropriate, rather than the combined expression. 
The reading of a chronometer is called chronometer time (C). 

Most watches used in navigation have a second-setting device to permit them to 
be set to the correct time. However, during a long flight a small error develops and 
some watches have no provision for setting or stopping the second hand. These 
can be set only to the nearest minute. The difference between the reading of a watch 
and the correct time is called watch error (WE), which is designated fast (F’) or slow (S) 
as the watch is ahead of or behind the correct time. The error of a chronometer is 
called chronometer error (CE). 

It is desirable to have a watch without error. However, such a watch is not es- 
sential to accurate navigation, for a known watch error can be applied. Accurate 
time is very important. Each second of error can introduce an error of as much as 
mile in position determined from celestial observations. The error introduced in a line of 
position from celestial observation due to watch error decreases with increased latitude 
of the observer (in the same proportion that the length of a unit of longitude decreases) 
and also as the azimuth of the body approaches 000° or 180°. 

Watch error can be determined by comparing a watch reading with accurate time, 
as that of a time signal (art. 404) or a watch or clock without error, or by comparing it 
with a timepiece having a known error. 

Example 1.—At 0915 the navigator of an aircraft at L 29°14’ N, \ 89°23’ W com- 
pares his watch with the time signal from WWV (Washington, D.C.) with the follow- 
ing results: At 1015 EST the watch reads 9°15722°, 

Required.—Watch error on zone time. 


Solution.— 
ZT 10° 15™ 00° 
ZD (+)5 (of Washington) 
GMT 15" 15™ 008 
ZD (+)6 (rev.) (of aircraft) 
ZT 9" 15™ 00° 
WwW 9" 15™ 228 
WE 22° fast 


If a radio time signal includes an announcement of GMT, as with station WWV, 
Greenwich time is obtained directly. The watch time can be compared directly with 
the correct time of another zone, ignoring the difference in hours, if it is known that the 
error is small. 


621-651 °—63—— 30 
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Example 2.—At GMT 0200 on 14 July a watch reads 3559702" pm. The ap- 
proximate position of the observer is L 62°47’ N, \ 149°10’ W. 
Required.—Watch error on zone time. 


Solution.— 
GMT 2°00" 00° July 14 
ZD (+)10 (rev.) 
ZT 16° 00" 00° July 13 
W 35 59™ 02° pm 
WE 58° slow 


Example 3.—A chronometer is 514° fast on GMT. When it reads 5° 32™ 00° pm, 
the navigator’s watch reads 7" 27™ 26° pM. 


Required.—The watch error on zone (—)2 time. 


Solution.— 
C 17° 32™ 00° 
Error 5™ 14° fast 
GMT 17° 26™ 46° 
ZD (—)2 (rev.) 
LT 19° 26™ 46° 
W 7° 27™ 26° PM 
WE 40° fast 


Often a chronometer is maintained in a place where it is readily available tonavigators. 
A careful record of the error and rate is kept so that a source of accurate time is available 
in the event of radio failure. 

Example 4.—On 9 March at GMT 1500 a chronometer was 5733° slow on GMT 
and its daily rate was 4°1 losing. On 17 March when the chronometer reads 
7°38™00° AM, & comparing watch reads 7°43™14° am. 

Required.—The error of the comparing watch on GMT on 17 March. 





Solution.— 
March 174 7" 38™ 
March 97 15" 007 | 
Interval 79 16° 38™(=797) 
CE 5™ 33° slow, March 9 
loss 32° (7°7 x 4°1) 
CE 67 05° slow, March 17 
C 7° 38" 00® March 17 
GMT 7° 44™ 05° March 17 
W 7° 43™ 148 
WE 51° slow 


As stated in article 1808, watches are sometimes regulated to keep sidereal time. 


To find the error of such a watch, it is necessary to find the sidereal time for some 
given instant of zone time. 
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Example 5.—A navigator receives a radio time signal at GMT 0220 on 20 June 
1955. At this instant his watch, keeping Greenwich sidereal time approximately, reads 
20°10722°. 

Required.—Watch error on GST. 

Solution.— 

GMT 0220 June 20 


GHAT 302° 32’ (from almanac=GST in arc units) 


GST = 20° 10™ 08° 
W 20° 10™ 22° 


WE 14° fast 


1816. Time accuracy standards.—<As indicated in article 1808, sidereal time has 
long been used for regulating mean solar time. As a practical standard of regularity 
for most navigational purposes, this is satisfactory, but there are a number of objections 
to its use in work of high precision, as in timing of certain electronic instruments. 

The shape of the earth is affected somewhat by changes in atmospheric pressure, tidal 
influences, and other forces, resulting in small variations in its moment of inertia. This 
affects the rate of rotation. Consequently, a search is being made for a more accurate 
standard than the rotation of the earth. 

In the United States the basic time standards are maintained by the Naval Ob- 
servatory. These standards are very accurate clocks which are checked frequently by 
transit observations of celestial bodies. The Shortt free pendulum clock at the United 
States Naval Observatory has a rate so uniform that its error can be predicted over a 
period of a year with an uncertainty of only about a second. For a few days it is ac- 
curate to 1 part in 30 million. Still more accurate are the quartz crystal oscillator 
clocks whose error for short periods is less than 1 part in 100 million, and have the ad- 
vantage that they are not influenced by gravity, as is a pendulum clock. However, 
over long periods, quartz crystals are affected by aging, and a correction must be applied. 

Recently, the microwave absorption of ammonia gas has been embodied in a so- 
called ‘“‘atomic clock,’’ developed by the National Bureau of Standards. In this device, 
the rate of a quartz crystal oscillator clock is controlled by a servo mechanism actuated 
by the more constant frequency of an ammonia absorption line in the electromagnetic 
spectrum. 

Problems 


(Use Appendix E) 


1804a. Given —GMT 19°14™56° on 19 June 1955. 
Required.—GAT. 

Answer.—GAT 19°13™748°. 

1804b. Given.—GAT 11553717 on 20 June 1955. 
Required —GMT. 

Answer.—GMT 11°54™31°. 

1805a. Given —GMT 35277218, Eq.T (+)4722°. 

Required.—GAT. 

Answer.—GAT 3°31™43°. 

1805b. Given.—LAT 14°04739°, Eq.T (—)7™47°, 
Required. —LMT. 

Answer.—LMT 14°12™26°. 
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Example 2—At GMT 0200 on 14 July a watch reads 3°59"02° pm. The ap- 
proximate position of the observer is L 62°47’ N, » 149°10’ W. 
Required.— Watch error on zone time. 


Solution.— 
GMT 2°00" 00" July 14 
ZD (+)10 (rev.) 
ZT 16° 00" 00° July 13 
W 3° 59™ 025 pm 
WE 58° slow 


Example 3.—A chronometer is 5"14° fast on GMT. When it reads 55 32™ 00° pm, 
the navigator’s watch reads 7° 27™ 26° pm. 
Required.—The watch error on zone (—)2 time. 


Solution.— 
C 


Error 


GMT 
ZD 


ZT 
Ww 


WE 


175 32™ 00° 

5™ 148 

175 26™ 46° 
(—)2 

19° 26™ 46° 

7027" 26° 

40° 


fast 
(rev.) 


PM 
fast 


Often a chronometer is maintained in a place where it is readily available tonavigators. 
A careful record of the error and rate is kept so that a source of accurate time is available 


in the event of radio failure. 


Example 4.—On 9 March at GMT 1500 a chronometer was 533° slow on GMT 
and its daily rate was 4°1 losing. On 17 March when the chronometer reads 
7538700" AM, a comparing watch reads 7°43™714° aM. 

Required.—The error of the comparing watch on GMT on 17 March. 


Solution.— 
March 
March 
Interval 
CE 
loss 
CE 
C 
GMT 
WwW 
WE 


174 7° 38™ 
9° 15" 00™ 


74 16" 38™(—7°7) 


5” 33° 

32° 

6™ 05° 

7° 38™ 00° 





7° 44™ 05° 


7° 43™ 14° 
51° 


slow, March 9 
(797 x 4°1) 
slow, March 17 
March 17 
March 17 


slow 


As stated in article 1808, watches are sometimes regulated to keep sidereal time. 
To find the error of such a watch, it is necessary to find the sidereal time for some 


given instant of zone time. 
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Example 5.—A navigator receives a radio time signal at GMT 0220 on 20 June 
1955. At this instant his watch, keeping Greenwich sidereal time approximately, reads 
20°10722°5. 

Required.—Watch error on GST. 

Solution.— 

GMT 0220 June 20 


GHAT 302° 32’ (from almanac=GST in arc units) 


GST = 20°: 10™ 08° 
W 20° 10™ 22° 


WE 14° fast 


1816. Time accuracy standards.—<As indicated in article 1808, sidereal time has 
long been used for regulating mean solar time. As a practical standard of regularity 
for most navigational purposes, this is satisfactory, but there are a number of objections 
to its use in work of high precision, as in timing of certain electronic instruments. 

The shape of the earth is affected somewhat by changes in atmospheric pressure, tidal 
influences, and other forces, resulting in small variations in its moment of inertia. This 
affects the rate of rotation. Consequently, a search is being made for a more accurate 
standard than the rotation of the earth. 

In the United States the basic time standards are maintained by the Naval Ob- 
servatory. These standards are very accurate clocks which are checked frequently by 
transit observations of celestial bodies. The Shortt free pendulum clock at the United 
States Naval Observatory has a rate so uniform that its error can be predicted over a 
period of a year with an uncertainty of only about a second. For a few days it is ac- 
curate to 1 part in 30 million. Still more accurate are the quartz crystal oscillator 
clocks whose error for short periods is less than 1 part in 100 million, and have the ad- 
vantage that they are not influenced by gravity, as is a pendulum clock. However, 
over long periods, quartz crystals are affected by aging, and acorrection must be applied. 

Recently, the microwave absorption of ammonia gas has been embodied in a so- 
called ‘atomic clock,”’ developed by the National Bureau of Standards. In this device, 
the rate of a quartz crystal oscillator clock is controlled by a servo mechanism actuated 
by the more constant frequency of an ammonia absorption line in the electromagnetic 
spectrum. 

Problems 


(Use Appendix E) 


1804a. Given.—GMT 19°14756° on 19 June 1955. 
Required —GAT. 

Answer.—GAT 19°13™48°. 

1804b. Given.—GAT 11°53™17* on 20 June 1955. 
Required —GMT. 

Answer.—GMT 115547315. 

1805a. Given —GMT 35277215, Eq.T (+)4™22°. 

Required.—GAT. 

Answer.—GAT 3°31™438. 

1805b. Given.—LAT 14°04™39°, Eq.T (—)7™47°, 
Required.—LMT. 

Answer.—LMT 145127265. 
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1805c. Given —GMT 17°09™52° on 18 June 1955. 

Required.—Eq.T. | 

Answer.—Eq.T (—)0™52°. 

1805d. Given.—On a certain day the sun is on the celestial meridian at LMT 
11°55™24°8. 

Required.—Eq.T. 

Answer.—Eq.T (+)4™36°. 

1806a. Required.—Convert the following arcs to equivalent time units (nearest 
second): 


(1) 17°24'55” (4) 204°11’ 
(2) 152°19’9 (5) 83°28’ 
(3) 337°46’ (6) 144°19/27” 


Answers.—(1) 1*09™40°, (2) 10°09™20*, (3) 2231™04%, (4) 13"36™44*, (5) 5°33™52°, 
(6) 9°37™18°, 

1806b. Required.—Convert the following times to equivalent arc units (nearest 
second): 


(1) 7>24™478 (4) 0°01™04" 
(2) 1911475 (5) 23°54™16° 
(3) 1"41™248 (6) 10°44™298 


Answers.—(1) 11191145’, (2) 287°56’45’’, (3) 25°21’00’, (4) 0°16'00’’, (5) 
358°34’00’’, (6) 161°07'15’’. 

1806c. Given.—When the sun is on the prime vertical on a certain morning, the 
meridian angle is 54°19’ E. The Eq.T is (+)4™14°. 

Required.—(1) LAT, (2) LMT. 

Answers.—(1) LAT 85227448, (2) LMT 8°18™305. 

1807a. Given —The LMT at \ 144°27’ E is 14°22718°. 

Required. —LMT at A 61°24’ W. 

Answer.—LMT 0°38™54°. 

1807b. Given.—The LMT at A 157°14’ W is 9"11723°. 

Required.—LMT at d 37°14’ W. 

Answer.—LMT 175117238. 

1807¢c. Given. —The LMT at \ 167°17’ W is 2°17755°. 

Required.— GMT. 

Answer.—GMT 13°27703°. 

1807d. Given. —The GAT 1s 75047485. 

Required.—LAT at \ 93°40’ E. 

Answer.—LAT 13°19™28°. 

1807e. Given —GMT 14°21733* on 18 June 1955. 

Required —LAT at d 104°17’ W. 

Answer.—LAT 7°23™32°. 

1807f. Given.—LMT 175247115 on 18 June 1955, A 27°32’ E. 

Required —GAT. 

Answer.—GAT 15°33™12°. 

1807g. Given —GHA of the sun 304°22’ on 19 June 1955. 

Required—LMT at d 87°17’ W. 

Answer.—LMT 2297218. 
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1807h. Given—GHA of the sun 31°24’ on 19 June 1955. LMT at a certain 
place 9°24™13°. 

Required.—Longitude. 

Answer.—v 70°37’ W. 

1808a. Given.—_GMT 12°04™23° on 20 June 1955. 

Required.—GST. 

Answer.—GST 5°56708°. 

1808b. Given.—LMT 9°28™36° on 20 June 1955, A 47°22’ E. 

Required. —LST. 

Answer.— LST 3°19™205. 

1808c. Given.—LAT 13°19™11° on 18 June 1955, \ 66°22’ W. 

Required.—LST. 

Answer.—LST 7°04™48°. 

1808d. Given —LHA of the sun 133°21’ on 19 June 1955, \ 29°57’ E. 

Required.—LST. 

Answer.—LST 145437245, 

18lla. Required.—Find the ZD for each of the following longitudes: 


(1) 163°27’E (4) 67°29’ E 
(2) 0°14’ W (5) 107°18’ E 
(3) 179°59’ W (6) 91°17’ W 


Answers.—(1) (—)11, (2) 0, (3) (+)12, (4) 2 )4, (5) (—)7, (6) (+)6. 

1811b. Given.—ZT 75221.8° at \ 161°15’ W 

Required.—_GMT. 

Answer.—GMT 18°22718°. 

18lle. Given —GMT 13°46704%, \ 101°12’ E. 

Required.—ZT. 

Answer.—ZT 20°46704°. 

18lld. Given.—ZT 7°21™40°, \ 93°14’ W. 

Required.—LMT. 

Answer.—LMT 7534736°. 

18lle. Given. —LMT 6°27™51°, » 71°23’ W. 

Required.—2T. 

Answer.—ZT 67137238. 

1811f. Given.—ZT 10°19™44°, \ 87°17’ W on 20 June 1955. 

Required.—(1) GMT, (2) LMT at \ 87°17’ W, (3) LMT at \ 106°05’ E, (4) GAT, 
(5) LST at \ 87°17’ W, (6) tof sun at \ 87°17’ W, (7) daylight saving time at \ 87°17’ W. 

Answers.—(1) GMT 16"19™44", (2) LMT 10°30™36°, (3) LMT 23%24704%, (4) GAT 
16°18™24°, (5) LST 4°23700°, (6) ¢ 22°41’ E, (7) daylight saving time 11°19™44°, 

1813a. Required.—Find the GMT and date for each of the following: 


ZT Date r ZT Date r 
(1) 9°27718* Nov. 30 163°19’ E (4) 11518"36° May 1 177°12’E 
(2) 175217048 Dec. 9 103°27’ W (5) 225117498 Apr. 30 87°17’ W 
(3) 23514756" Oct. 13 24°18’ E (6) 45147268 July 4 87°17’ W 
Answers.— 
GMT Date GMT Date 
(1) 225277188 Nov. 29 (4) 23°18™"368 Apr. 30 
(2) 0'21™04° Dec. 10 (5)  4"11™498 May 1 


(3) 21514™568 Oct. 13 (6) 10°14™26° July 4 
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1813b. Required—Find the ZT and date and LMT and date for each of the 


following: 
GMT Date r GMT Date r 
(1) 21518752° Sept. 3 116°19’ E (4) 12512726 Dec. 15 139°22’ E 
(2) 5917713" Feb. 2 81°15’ W (5) 10°56714° June 30 163°16’ W 
(3) 7512739" Mar. 14 87°17’ W (6) 1514723" Dec. 1 9°07’ W 
Answers.— 
ZT Date LMT Date Z2T Date LMT Date 


(1) 5518™52® Sept. 4 5°04™708* Sept. 4 (4) 21512™26* Dec. 15 21°529™54® Dec. 15 
(2) 0°17713° Feb. 2 23°52™13* Feb. 1 (5) 23°56™14° June 29 0°03™10° June 30 
(3) 1212739® Mar. 14 = 1923318 Mar. 14. (6) 0°14723* Dec. 1 0°37755* Dec. 1 

1814a. Given.—An aircraft takes off at ZT 5°19" on July 1 from a position at 
\ 171°26’ E and lands 7°44™ later at a position at \ 166°02’ W. 

Required.—ZT and date of arrival. 

Answer.—ZT 15°03™ June 30. 

1814b. Given.—At ZT 23°47" on Dec. 31 an aircraft is at L 0°00’, \ 178955’ W. It 
is on TC 270°, PGS 240 K. 

Required.—(1) ZT and date of arrival at date line, (2) ZD before crossing date 
line, (3) ZD after crossing date line, (4) new ZT and date. 

Answers.—(1) ZT 0°03" Jan. 1, (2) ZD (+)12, (83) ZD (—)12, (4) ZT 0°03™ 
Jan. 2. 

1815a. Given.—At 1345 the navigator of an aircraft at \ 66°20’ W compares his 
watch with the time signal from Washington, D. C., with the following results: at 
1245 EST the watch reads 1°44™33° pm. 

Required.—Watch error on zone time. 

Answer.—WE 27° slow. 

1815b. Given.—At GMT 0400 on 16 August a chronometer reads 1°00™714°. The 
observer is at \ 48°27’ W. 

Required.—Chronometer error. 

Answer.—CE 14° fast. 

1815¢c. Given.—A chronometer is 321° slow on GMT. When it reads 45137299 
AM, the navigator’s watch reads 10°13™15° am, »\ 87°14’ E. 

Required.—Watch error on ZT. 

Answer.—WE 335° slow. 

1815d. Given.—On 3 October at GMT 1200 a chronometer was 9™16° fast on GMT 
and its daily rate was 287 gaining. On 8 October when the chronometer reads 9°30™00° 
AM, &@ comparing watch reads 9°21™30° am. 

Required.—The error of the comparing watch on 8 Oct. 

Answer.— WE 598 fast. 

1815e. Given.—A navigator receives a radio time signal at GMT 1740 on 20 
June 1955. At this instant his watch, keeping GST approximately, reads 11"32™20°. 

Required.—Watch error on GST. 

Answer.—WE 16° slow. 


CHAPTER XIX 
AIR ALMANAC 


1901. Introduction.—If celestial bodies are to be used for establishing lines of 
position, their positions relative to the earth at a particular time must be accurately 
known. Such information is given in an ephemeris, which is a table of the predicted 
positions of celestial bodies at regular intervals. An almanac is a calendar giving in 
addition to the days of the week, month, and year, such data on celestial phenomena 
as needed in the use for which the almanac is designed. 

Three such publications of interest to the navigator are prepared by the United 
States Naval Observatory. The American Ephemeris and Nautical Almanac gives the 
ephemerides (éf’é-mér’!-déz) of many of the celestial bodies, together with data and 
tables of particular interest to astronomers. Since a navigator needs only a small part 
of the information contained in the ephemeris, the Observatory publishes two books 
particularly for him: The Nautical Almanac and The Air Almanac. Both of these 
publications contain the astronomical data required in navigation, arranged in con- 
venient form and to a suitable degree of precision for navigators. In addition, they 
include auxiliary tables not found in the ephemeris. 

The Nautical Almanac contains data for an entire year in one bound volume, hour 
angle and declination at each hour being given to the nearest 0/1. The Air Almanac is 
published in looseleaf form, each voulme covering 4 months with entries at 10-minute 
intervals. Hour angle and declination are given to the nearest minute of arc. Auxiliary 
tables needed in air navigation are included. Although either almanac is suitable for 
navigation, The Nautical Almanac, with its greater refinement of data, is intended 
primarily for mariners and The Air Almanac for aviators. Extracts illustrating the 
various features of The Air Almanac are given in Appendix E. These can be used in 
the solution of the illustrative examples and problems given in this text. 

1902. The daily page, GHA and declination.—In The Air Almanac, all of the data 
applicable to one day are contained on both sides of a single sheet (see app. E), which 
can be torn out and destroyed at the end of the day so that the current information 
is always at the front of the book. 

The left-hand column is the Greenwich mean time at 10™ intervals. The next 
six columns give for corresponding times the numerical values of the GHA and decli- 
nation as shown in the headings. Declination 1s given every hour for the sun and 
planets, and every 10" for the moon. The dots in the declination columns are with- 
out special significance, merely indicating the mid-points between entries. The tabu- 
lated declination is the correct value for the mid-point between the time of tabulation 
and the time of the following entry, so that values can be taken from the table without 
interpolation. 

The figures in the headings of the planet columns give the magnitudes of the 
planets. (See ch. XXIV.) 
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1903. The interpolation tables—A GHA interpolation table is printed on the in- 
side front cover of The Air Almanac and also on one fold of the star chart in the back of 
the almanac. This flap can be inserted as a bookmark, if desired. 

The interpolation tables (see app. E) are critical or “‘turning-point” tables. The 
corrections, In arc units, are offset half a line from the entcring intervals in time units 
for sun and moon, indicating that each tabulated correction is to be used for any 
entering value between the two offset from it. The sun column is used for Aries and 
planets. If the entering argument is one of the tabulated values, the correction next 
higher on the page is used. Thus, for the sun: 


Interval Sun Corr. 
3-14" 0° 49’ 
5™ 098 1° 17’ 


The GHA corrections given in the interpolation tables are always added to the 
values taken from the daily pages, the latest 10-minute time before the given GMT 
(unless GMT is a whole 10”) being used for extracting the basic data. 

Example 1.—Find the GHA and declination of the sun, moon, Venus, Jupiter, 
Saturn, and GHAT at GMT 6°18™04° on 18 June 1955. 





Solution.— 
GMT Sun Moon Venus Jupiter Saturn 7. 
GHA 65107 272°18’ 301°54’ 293°58’ 234°50’ 134°41’ 358°137 
corr. 8™04° 2°01’ Por 2°01’ 2°01’ 2°01’ 2°O1’ 
GHA 6°18™04*° 274°19’ 303°51’ 295°59’ 236°51’ = 136°52” 0°14’ 
decw Lee 23°24’ N 22°21’ N 20°20’ N 20°26’ N 14°05’S ___-_-- 


Beside the interpolation tables is a list of 57 principal navigational stars, with their 
magnitude, sidereal hour angle (SHA), and declination. The dagger (f) in place of a 
number following a star name indicates that the body is not included in the star-name 
entry section of Astronomical Navigation Tables (H.O. 218), but that an observation of 
the body may be solved by means of the declination-entry section of H.O. 218 or 
Volume II or III of H.O. 249. 

Because of the slow change in declination and sidereal hour angle (SHA) of stars, 
the tabulated values can be used for the entire 4-month period covered by one volume 
of The Air Almanac. The GHA of astar is found by adding SHA to GHA’, subtracting 
360° if the sum exceeds this amount. 

Example 2.—Find the GHA and declination of Fomalhaut and Capella at GMT 
6519718" on 19 June 1955. 





Solution.— 
GMT Fomalhaut Capella 
GHAT 6510™ 359°12’ 359°12’ 
corr. 9™1 8° 2°20’ 2°20’ 
SHA 16°12’ 281°39’ 
GHA 6°19™18° 17°44’ 283°11’ 
dec. 29°51’ S 45°57’ N 


Declination and Greenwich hour angle of a celestial body are equivalent to the 
latitude and longitude of the body’s geographical position (art. 1710). If the GHA is 
greater than 180°, it is subtracted from 360° and the result marked longitude east. If 
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the GHA is less than 180°, it is equivalent to longitude west. Thus, the GP’s of the 
bodies shown in example 1 are: 
Sun Moon Venus Jupiter Saturn 
Lat. 23°24’ N 22°21’ N 20°20’ N 20°26’ N_ 14°05’ S 
Long. 85°41’ E 56°09’ E 64°01’ E = 123°09’ BE 136°42’ W 

1904. Parallax and semidiameter.—The eighth column on the am side of the daily 
page contains additional information concerning the sun and moon. The upper portion 
of the column is the correction for the moon’s parallax in altitude. Because the moon 
is relatively close to the earth, its apparent position among the background of stars is 
not the same for observers on different parts of the earth. The parallax correction is 
the difference between the altitude for an observer at the surface of the earth and one 
at the center of the earth. The use of this correction is explained in chapter XXI. 
The amount of the correction depends upon (1) the distance of the moon from the earth 
and (2) the moon’s altitude above the horizon. ‘The correction decreases as distance 
increases. It is maximum at 0° altitude and zero when the moon is in the zenith. This 
is a critical table, values being taken out without interpolation, as explained in article 
1903. For negative altitudes, the corrections are added algebraically (numerically 
subtracted). 

Beneath the parallax corrections, the apparent semidiameter (SD) of the sun and 
moon are given. The use of these values is described in chapter XXI. 

At the bottom of the column the age of the moon is given in days since new moon. 

1905. The ecliptic diagram.—One of the unique features of The Air Almanac is 
the ecliptic diagram at the extreme right of each am side of the daily page. This 
diagram provides a graphical approximation of the relative positions of the vernal 
equinox and the principal bodies near the ecliptic. 

The sun is always shown at the center of the diagram, at 0°. The moon; the five 
planets: Venus, Jupiter, Saturn, Mars, and Mercury; the vernal equinox; and the 
zodiacal stars: Antares, Spica, Regulus, and Aldebaran are shown in their positions 
relative to the sun. The diagram itself represents the zodiac (art. 1612). 

Since the sun appears to move eastward among the stars, the stars’ apparent motion 
relative to the sun is westward. This can be seen in figure 1905, which shows the ecliptic 
diagrams for the first day of each month for a year. 

Suppose the sun is on the southern part of the celestial meridian and the other 
bodies could be seen in daylight. On 1 April, Jupiter is just west of the sun and T, 
while Mars, Mercury, and Venus are to the east. The graduations at the bottom of 
the diagram (at the left in the almanac) indicate angular distance from the sun. The 
times given at the top (at the right in the almanac) are those when the sun is at 
the positions shown relative to the celestial meridian. On 1 April, Aldebaran is 60° 
east of the sun and the moon is about 70° west. Since there are approximately 90° 
between the celestial meridian and the horizon, Antares on 1 September is just rising in 
the east, and Aldebaran is setting in the west when the sun 1s on the celestial meridian. 

The principal value of the ecliptic diagram lies in the information it gives about 
relative positions during twilight or at night. Consider, for example, the diagram for 
1 March. At sunset, the sun is on the western horizon, the meridian is at 90° east on the 
diagram, and the eastern horizon is at 180° east. Hence, the planets Jupiter, Mars, 
and Venus are low in the west. Jupiter will probably not be scen because it is too near 
the sun. Mercury has already set, and Jupiter is about to set. Aldebaran is on the 
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Fiaure 1905.—Ecliptic diagrams taken from the am sides of daily pages for the first day of each 
month for a year. 
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celestial meridian and Regulus is rising, low in the east. The moon is not visible because 
it is almost on the lower branch of the celestial meridian. 

Looking now at the diagram for 1 January, at sunrise the moon will be on the 
celestial meridian (last quarter). Saturn is almost in conjunction with it. Spica is 
just east of the moon and Antares is low in the east. Regulus is in the southwest (to 
an observer in the northern hemisphere). 

The so-called morning and evening stars are usually the planets Venus and Jupiter. 
On 1 May Jupiter is the morning star, rising just before the sun, and Venus is the 
evening star, setting soon after the sun. 

It should not be inferred from figure 1905 that the moon’s relative position changes 
as slowly as might appear. Actually, it makes approximately a complete circuit of 
the ecliptic between consecutive diagrams, moving from right to left. 

In the discussion of relative positions of the various bodies it has been assumed 
that a body rises or sets when it is 90° from the celestial meridian. Actually, this is not 
the case unless the body is on the celestial equator or the observer is on the terrestrial 
equator. Since the ecliptic is inclined about 23°27’ to the plane of the celestial equator, 
and since the zodiac extends 8° on either side of the ecliptic, bodies shown on the 
diagram may reach a declination of as much as 31°27’. Under these conditions the 
body may be a considerable distance above or below the horizon when its hour angle 
is 90°, particularly for an observer in high latitude. Such factors should be considered 
in using the ecliptic diagram. Since navigators are generally aware of the approximate 
position of the sun on the ecliptic at all times, they should have little difficulty visualizing 
other parts of the ecliptic. For instance, they can readily understand why the full 
moon rises earlier, climbs to a higher altitude, and sets later in winter than in summer. 

1906. Sunrise and sunset.—The time of sunrise and sunset, when the upper limb 
of the sun is on the visible horizon (assuming standard corrections for refraction and 
semidiameter) is given at the right of the pm side of the daily pages. The time depends 
upon the declination of the sun and the latitude of the observer. A correction for the 
longitude of the observer may be needed to convert the tabulated time to local time. 
Values are given to the nearest minute of time. 

The times shown opposite the various latitudes are the local mean times (LMT) 
of sunrise and sunset. To find the zone time use the almanac table for converting 
arc to time or apply a correction of 4™ for each 1° difference between the longitude 
of the observer’s position and the longitude of the standard meridian. The correction 
is added if the local meridian is west and subtracted if east of the standard meridian of 
the zone for which the clocks are set. 

Example 1.—From The Air Almanac find LMT and zone time of sunrise and sunset 
at NAS Pensacola (L 30°21’ N, \ 87°17’ W) on 20 June 1955 if the clocks are set for 
the zone time of 90° W. 

Solution.—(1) Since values are tabulated for latitudes 30° and 35°, the values for 
intermediate latitudes are found by interpolation, the difference in time for 1° being 
1/5 (0.2) of the difference for 5°. Latitude 30°21’, or 30°35, is 0°35 from one of the 
tabulated values. The difference in time of sunrise is 4559"—4"46"=13™. For 0°35 
of latitude the time difference 1s 0°35 X0.2 KX 13"=0.07 X13"=079, or 1™, to the nearest 
minute. This interpolation is usually done mentally and the result recorded as LMT. 
The correction is subtracted from the LMT of sunrise at latitude 30° (45597) because 
the LMT of sunrise at latitude 35° (4°56™) is earlier in this instance. The LMT of 
sunset is found by a similar process; the time difference of 1™ for 21’ of latitude in 
this case being added because the time of sunset at latitude 35° is later than at 30°. 
Therefore, the time of sunset at latitude 30°21’ N is 19°04"7+17=19"05™. 
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Figure 1905.—Ecliptic diagrams taken from the am sides of daily pages for the first day of each 
month for a year. 
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celestial meridian and Regulus is rising, low in the east. The moon is not visible because 
it is almost on the lower branch of the celestial meridian. 

Looking now at the diagram for 1 January, at sunrise the moon will be on the 
celestial meridian (last quarter). Saturn is almost in conjunction with it. Spica is 
just east of the moon and Antares is low in the east. Regulus is in the southwest (to 
an observer in the northern hemisphere). 

The so-called morning and evening stars are usually the planets Venus and Jupiter. 
On 1 May Jupiter is the morning star, rising just before the sun, and Venus is the 
evening star, setting soon after the sun. 

It should not be inferred from figure 1905 that the moon’s relative position changes 
as slowly as might appear. Actually, it makes approximately a complete circuit of 
the ecliptic between consecutive diagrams, moving from right to left. 

In the discussion of relative positions of the various bodies it has been assumed 
that a body rises or sets when it is 90° from the celestial meridian. Actually, this is not 
the case unless the body is on the celestial equator or the observer is on the terrestrial 
equator. Since the ecliptic is inclined about 23°27’ to the plane of the celestial equator, 
and since the zodiac extends 8° on either side of the ecliptic, bodies shown on the 
diagram may reach a declination of as much as 31°27’. Under these conditions the 
body may be a considerable distance above or below the horizon when its hour angle 
is 90°, particularly for an observer in high latitude. Such factors should be considered 
in using the ecliptic diagram. Since navigators are generally aware of the approximate 
position of the sun on the ecliptic at all times, they should have little difficulty visualizing 
other parts of the ecliptic. For instance, they can readily understand why the full 
moon rises earlier, climbs to a higher altitude, and sets later in winter than in summer. 

1906. Sunrise and sunset.—The time of sunrise and sunset, when the upper limb 
of the sun is on the msible horizon (assuming standard corrections for refraction and 
semidiameter) is given at the right of the pm side of the daily pages. The time depends 
upon the declination of the sun and the latitude of the observer. A correction for the 
longitude of the observer may be needed to convert the tabulated time to local time. 
Values are given to the nearest minute of time. 

The times shown opposite the various latitudes are the local mean times (LMT) 
of sunrise and sunset. To find the zone time use the almanac table for converting 
arc to time or apply a correction of 4™ for each 1° difference between the longitude 
of the observer’s position and the longitude of the standard meridian. The correction 
is added if the local meridian is west and subtracted if east of the standard meridian of 
the zone for which the clocks are set. 

Example 1.—From The Air Almanac find LMT and zone time of sunrise and sunset: 
at NAS Pensacola (LL 30°21’ N, \ 87°17’ W) on 20 June 1955 if the clocks are set for 
the zone time of 90° W. 

Solution.—(1) Since values are tabulated for latitudes 30° and 35°, the values for 
intermediate latitudes are found by interpolation, the difference in time for 1° being 
1/5 (0.2) of the difference for 5°. Latitude 30°21’, or 30°35, is 0°35 from one of the 
tabulated values. The difference in time of sunrise is 4559"—4°46"=13™. For 0°35 
of latitude the time difference is 0°35 X0.2 K13"=0.07 X 13"=0"9, or 1™, to the nearest 
minute. This interpolation is usually done mentally and the result recorded as LMT. 
The correction is subtracted from the LMT of sunrise at latitude 30° (4559™) because 
the LMT of sunrise at latitude 35° (456%) is earlier in this instance. The LMT of 
sunset is found by a similar process; the time difference of 1™ for 21’ of latitude in 
this case being added because the time of sunsct at latitude 35° is later than at 30°. 
Therefore, the time of sunset at latitude 30°21’ N is 19°04™+17=19505. 
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(2) Since the local longitude is 87°17’ (87°23) W, the meridian is 2°43’ (2°7) east 
of the standard meridian, 90° W. Therefore, sunrise and sunset occur 11™ (10752° by 
table or 2°7X4=10"8) earlier at the local meridian. Thus: 





Sunrise Sunset 
LMT 0458 1905 
dx (—)11 (—)11 
ZT 0447 1854 


Answers.—LMT sunrise 0458, sunset 1905; zone time sunrise 0447, sunset 1854. 
Example 2.—Find LMT and zone time of sunrise and sunset on 20 June 1955 at 
L 12°37’ S, \ 128°47’ E, if clocks are keeping 135th meridian time. 





Solution.— 
Sunrise Sunset 
LMT 0620 1743 (time diff. 10°—20° X 2.6/10) 
dy (+) 25 (+)25 (4 X (135°—128°8)) 
ZT 0645 1808 


Note that the local meridian is west of the standard meridian and hence both phe- 
nomena occur later by ZT than by LMT. 

The effect of height of the observer on the time of sunrise, sunset, and the du- 
ration of twilight is discussed in article 1909. 

1907. Twilight is the period of incomplete darkness following sunset and preceding 
sunrise. The fact that there is any light at all while the sun is below the visible horizon 
is due to the presence in the atmosphere of dust particles and small water droplets. 
If these were not present, complete darkness would occur at the moment the top of 
the sun disappeared below the western horizon, and daylight would come with equal 
suddenness as the top of the rising sun appeared above the eastern horizon. The 
presence of dust particles extending to very high altitudes causes light from the sun 
to become scattered and thus be reflected to earth when the sun does not shine directly 
on the surface of the earth. The brilliant colors in a sunset are caused by selective 
absorption by dust and smoke particles in the air. Thus, red and yellow are absorbed 
least and are predominant in the twilight sky. (See art. 2511.) 

As the sun continues to drop below the horizon following sunset, the amount of 
atmosphere illuminated by the sun decreases, and hence the light reflected to the sur- 
face of the earth becomes less. At about sunset, or sometimes shortly before, the 
brighter planets become visible. When the sun reaches a negative altitude of about 
3°, the brightest stars begin to appear. When the center of the sun is 6° below the 
celestial horizon, at the end of evening civil twilight, second magnitude stars have ap- 
peared. This is about the middle of the period used by marine navigators for sextant 
observation, since both celestial bodies and the horizon are clearly visible at this time. 
Air navigators who desire to use the visible horizon for celestial observations also use 
this period. As the center of the sun reaches an altitude of 12° below the celestial 
horizon, the sky gives so little light that one becomes conscious that darkness has set. 
in. This is the end of nautical twilight. When the center of the sun is at 18° below 
the celestial horizon, light scattered from the highest levels of the atmosphere is 
negligible and ‘‘complete”’ darkness occurs. This is the end of astronomical twilight. 
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Comparable periods of reduced illumination occur before sunrise and after sunset. 
Thus: 








Sun’s 


Morning altitude Evening 


Sunrise, twilight ends___........-_____- 0° Sunset, twilight begins. 
Civil twilight begins. _..._._..-_-_.-__-- —6° Civil twilight ends. 
Nautical twilight begins............__-- — 12° Nautical twilight ends. 





Astronomical twilight begins......_.___- Astronomical twilight ends. 





The Nautical Almanac gives the times of beginning and ending of astronomical 
twilight. In The Air Almanac, the duration of civil twilight is given. Thus, at latitude 
30° N, the duration of civil twilight on 19 June 1955 is 28™. If the sun rises at 0459, 
morning civil twilight begins 28™ earlier at 0431. If the sun sets at 1903, evening civil 
twilight ends 28™ later or at 1931. 

Example.—An observer is at lat. 56°43’ S, long. 167°53’ W, on 19 June 1955. 

Required —The ZT (zone meridian 165° W) of (1) the beanie of morning civil 
twilight, (2) sunrise, (3) sunset, (4) end of evening civil twilight. 


Solution.— 
Sunrise Sunset 
LMT 0838 LMT 1525 
dr (+)12 dy (+)12 
(2) ZT 0850 (3) ZT 1537 
Duration (—)49 Duration (+)49 
(1) Twilight begins 0801 (4) Twilight ends 1626 


Answers.—(1) 0801, (2) 0850, (3) 1537, (4) 1626. 

To find the duration of twilight as limited by other angles of depression, refer to 
the tables on pages A52 and A53. For this purpose, the tables are entered with the 
time of sunrise or sunset and the duration of civil twilight as found on the daily pages 
(top) and the desired angle of depression (right). Thus, if LMT of sunset is 19" and 
duration of civil twilight is 55", the duration of nautical twilight (depression angle 
12°) is 2"10™, and nautical twilight ends at 21°10". See also articles 1909 and 2624. 

Figure 1907a (A) is drawn for a latitude of 62° N and a sun’s declination of 23° N. 
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Ficure 1907a.—The twilight zones. Civil twilight begins (am) and ends (pm) when the sun is 6° below 
the horizon. The darker limit of astronomical twilight occurs when the sun is 18° below the horizon. 
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(2) Since the local longitude is 87°17’ (87°3) W, the meridian is 2°43’ (2°7) east 
of the standard meridian, 90° W. Therefore, sunrise and sunset occur 11™ (10™52° by 
table or 2°7X4=10"8) earlier at the local meridian. Thus: 





Sunrtse Sunset 
LMT 0458 1905 
dn (—)11 (—)11 
ZT 0447 1854 


Answers.—LMT sunrise 0458, sunset 1905; zone time sunrise 0447, sunset 1854. 
Example 2.—Find LMT and zone time of sunrise and sunset on 20 June 1955 at 
L 12°37’ S, \ 128°47’ E, if clocks are keeping 135th meridian time. 








Solution.— 
Sunrise Sunset 
LMT 0620 1743 (time diff. 10°—20° 2.6/10) 
dn (+) 25 (+)25 (4X (1385°— 128°8)) 
ZT 0645 1808 


Note that the local meridian is west of the standard meridian and hence both phe- 
nomena occur later by ZT than by LMT. 

The effect of height of the observer on the time of sunrise, sunset, and the du- 
ration of twilight is discussed in article 1909. 

1907. Twilight is the period of incomplete darkness following sunset and preceding 
sunrise. The fact that there is any light at all while the sun is below the visible horizon 
is due to the presence in the atmosphere of dust particles and small water droplets. 
If these were not present, complete darkness would occur at the moment the top of 
the sun disappeared below the western horizon, and daylight would come with equal 
suddenness as the top of the rising sun appeared above the eastern horizon. The 
presence of dust particles extending to very high altitudes causes light from the sun 
to become scattered and thus be reflected to earth when the sun does not shine directly 
on the surface of the earth. The brilliant colors in a sunset are caused by selective 
absorption by dust and smoke particles in the air. Thus, red and yellow are absorbed 
least and are predominant in the twilight sky. (See art. 2511.) 

As the sun continues to drop below the horizon following sunset, the amount of 
atmosphere illuminated by the sun decreases, and hence the light reflected to the sur- 
face of the earth becomes less. At about sunset, or sometimes shortly before, the 
brighter planets become visible. When the sun reaches a negative altitude of about 
3°, the brightest stars begin to appear. When the center of the sun is 6° below the 
celestial horizon, at the end of evening civil twilight, second magnitude stars have ap- 
peared. This 1s about the middle of the period used by marine navigators for sextant 
observation, since both celestial bodies and the horizon are clearly visible at this time. 
Air navigators who desire to use the visible horizon for celestial observations also use 
this period. As the center of the sun reaches an altitude of 12° below the celestial 
horizon, the sky gives so httle light that one becomes conscious that darkness has set 
in. This is the end of nautical twilight. When the center of the sun is at 18° below 
the celestial horizon, light scattered from the highest levels of the atmosphere is 
negligible and ‘‘complete”’ darkness occurs. This is the end of astronomical twilight. 
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Comparable periods of reduced illumination occur before sunrise and after sunset. 
Thus: 


. Sun’s ; 
Morning altitude Evening 


Sunrise, twilight ends Sunset, twilight begins. 


Civil twilight begins Civil twilight ends. 
Nautical twilight begins Nautical twilight ends. 
Astronomical twilight begins Astronomical twilight ends. 





The Nautical Almanac gives the times of beginning and ending of astronomical 
twilight. In The Air Almanac, the duration of civil twilight is given. Thus, at latitude 
30° N, the duration of civil twilight on 19 June 1955 is 28". If the sun rises at 0459, 
morning civil twilight begins 28™ earlier at 0431. If the sun sets at 1903, evening civil 
twilight ends 28™ later or at 1931. 

Example.—An observer is at lat. 56°43’ S, long. 167°53’ W, on 19 June 1955. 

Required.—The ZT (zone meridian 165° W) of (1) the beginning of morning civil 
twilight, (2) sunrise, (3) sunset, (4) end of evening civil twilight. 


Solution.— 
Sunrise Sunset 
LMT 0838 LMT 1525 
dy (+)12 dd (+)12 
(2) ZT 0850 (3) ZT 1537 
Duration (—)49 Duration (+)49 
(1) Twilight begins 0801 (4) Twilight ends 1626 


Answers.—(1) 0801, (2) 0850, (3) 1537, (4) 1626. 

To find the duration of twilight as limited by other angles of depression, refer to 
the tables on pages A52 and A53. For this purpose, the tables are entered with the 
time of sunrise or sunset and the duration of civil twilight as found on the daily pages 
(top) and the desired angle of depression (right). Thus, if LMT of sunset is 19" and 
duration of civil twilight is 55", the duration of nautical twilight (depression angle 
12°) is 2"10™, and nautical twilight ends at 21"10™. See also articles 1909 and 2624. 

Figure 1907a (A) is drawn for a latitude of 62° N and a sun’s declination of 23° N. 
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Fiaure 1907a.—The twilight zones. Civil twilight begins (am) and ends (pm) when the sun is 6° below 
the horizon. The darker limit of astronomical twilight occurs when the sun is 18° below the horizon. 
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Under these conditions the sun cannot be depressed more 
than 5° below the celestial horizon. Therefore, twilight lasts 
all night. This is indicated in The Air Almanac by //// in the 
twilight column (fig. 1907b). The moon, whose declination 














oj A m h m/ m 

701 oO as| « is drawn for 23° S, rises briefly on the southern horizon at 
or ary, : this latitude. Figure 1907a (B) shows the situation for an 
1 37 044] x observer at latitude 70° N. The sun does not sct, and hence 
213 015) * does not rise. In The Air Almanac this is indicated by C 
2 38] 99/2359] 02. ae ee 
2 58 23 47| 07.‘ In the sunrise (sunset) and twilight columns. At latitude 70 
314 2337) 11) N and declination 23° S, the moon does not rise. The sym- 


bol min The Air Almanac indicates that the body remains 
F pea nee gene below the horizon throughout the 24 hours. 
ppeaace ae ai 1908. Moonrise and moonset.—The two right-hand Col- 
(moon) does not rise. ////, . UNns on the pM side of the daily pages in The Air Almanac 
twilight lasts all night. provide data from which the time of moonrise and moonsct 
*(See art. 1908.) can be computed. The first of these columns gives the 
times of the occurrence for various latitudes at 0° longitude. 
Thus, on 18 June 1955 at latitude 30° N, longitude 0°, the moon rises at 0301 and 
sets at 1727. Note that on this day the moon rises 1°58™ before sunrise and sets 
1°36™ before sunset. This is reflected on the ecliptic diagram, which shows the moon 
slightly less than 30° or 2° west of the sun. 

On the next day, 19 June 1955, the moon rises at latitude 30° N, longitude 0°, 
at 0401 or 60™ later than on 18 June. The time of either moonrise or moonsct is 
nearly always later on succeeding davs. The primary reason for this retardation is 
that the celestial longitude (angular distance eastward along the ecliptic) of the moon 
increases faster than that of the sun, or the sun appears to move westward at a more 


rapid rate. 
The average difference in the times C 
needed for the sun and moon to com- O 


plete one apparent trip around the 
earth is 50™, and the value on any day 
does not differ by more than a few 
minutes from this average. Thus, the 
interval between consecutive merid- 
van transits of the moon is always 
close to 24"50™. Refer to figure 1908a. 
The circle represents the celestial ‘Ss 
equator, as seen from a point over 
the south celestial pole. Suppose the 
sun and moon are in conjunction 
(new moon) as they cross the upper 
branch of the Greenwich (0°) merid- 
ian. Because of the faster apparent 
motion of the sun, it will arrive over 
the 90° W meridian first, the moon 
being about 507/4=1275 (3°1) east Co 


of the meridian, as shown at the left . sqnucca 

of figure 1908a. By the time the sun pines pee non lage pend, tae un py an 
half its dajl average of 50™ aday. Consequently, any lunar rising 

compictes hall its daily apparent ane or setting occurs later in west longitude or earlier 

olution and arrives over the 180 in east longitude than at Greenwich. 





0° Meridian 





90°W Meridian 





180° Meridian 
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meridian, the moon has dropped another 1275 (3°1) behind, as shown at the bottom 
of figure 1908a. At 90° KE, after three-quarters of the revolution of the sun, the moon 
is 3775 (9°4) behind, and when the sun completes its trip back to the 0° meridian 
one day after leaving it the moon has lagged behind 50™ or 12%5. 

The times of consecutive moonrises or moonsets also differ from day to day by an 
average of 50™. However, the departure from average is much greater than in the case 
of meridian transit, because the latter depends only upon the hour angle, while the time 
of moonrise and moonset is also affected by the declination, except at the equator. 

Since the moon appears to move eastward approximately along the ecliptic, which is 
inclined about 23°27’ to the plane of the celestial equator, along which hour angle is 
measured, both its hour angle and declination are continuaily changing. When these 
two effects operate in the same direction, the lag is much greater than average. This 
occurs for moonrise at full moon in the spring and new moon in autumn. When the 
effects are in the opposite directions, the change in hour angle tending to increase the 
lag and the change in declination tending to decrease it, the interval between successive 
moonrises or moonsets becomes very small. In high latitudes the phenomena may 
actually occur earlier from day to day for a limited period. 

Thus, the harvest moon, the full moon occurring nearest the time of the autumnal 
equinox, appears at nearly the same positions in the evening sky for several days. The 
same effect is noticeable, but to a somewhat less marked degree, at the next following 
full moon, called the hunter’s moon. 

As stated above, the almanac lists the time of moonrise and moonsct at the 0° 
(Greenwich) meridian. Because of the lag of the moon behind the sun, the local mean 
times of moonrise and moonset at any meridian other than 0° normally differ from 
the tabulated values. The figures given in the ‘Diff.’”’ column are the difference in 
time between consecutive moonrises and moonsets at longitudes 90° E and 90° W. 
Since the lag is considered constant for the period involved, the correction to 
be applied to GMT to determine the LMT for moonrise and moonset at any other 
longitude can be determined by the formula X X ‘Diff.’’/180°. This correction 
can also be obtained directly from the table “Interpolation of 
Moonrise, Moonset” in the excerpts or on page A54 of The Air 
Almanac. Interpolation in this table is not considered justified, 
and cannot be performed under extreme conditions, in which 
case the symbol * is shown in the “Diff.” column indicating 
that no “Diff.’”’ is possible because the moon does not rise (set) 
the next day at that latitude. 

The differences in time, “Diff.”’, obtained from the almanac 
are positive (+) unless indicated to be negative by the minus 
sign(—). For west longitude the correction is added for a positive 
“Diff.” and subtracted for a negative one. In east longitude the ee 

, : : ing the moon rising 
correction for “Diff.” is subtracted if positive, and added if negative. twice the same day. 





FiaurE 1908b.—Air 
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Under these conditions the sun cannot be depressed more 
than 5° below the celestial horizon. Therefore, twilight lasts 
all nicht. This is indicated in The Air Almanac by //// in the 
twilight column (fig. 1907b). The moon, whose declination 
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oO =a is drawn for 23° S, rises briefly on the southern horizon at 
oy ey this latitude. Figure 1907a (B) shows the situation for an 
1 37 44 observer at latitude 70° N. The sun does not set, and hence 
Sac 15 does not rise. In The Air Almanac this is indicated by 
2 58 07.‘ Inthe sunrise (sunset) and twilight columns. At latitude 70° 
314 1l-=SON and declination 23° S, the moon does not rise. The svm- 


bol gin The Air Almanac indicates that the body remains 
F eae mets ees below the horizon throughout the 24 hours. 
cate : ee, a 1908. Moonrise and moonset.—The two right-hand Col- 
(moon) does not rise. ////, umns on the pM side of the daily pages in The Air Almanac 
twilight lasts all night. provide data from which the time of moonrise and moonset 
*(See art. 1908.) can be computed. The first of these columns gives the 
times of the occurrence for various latitudes at 0° longitude. 
Thus, on 18 June 1955 at latitude 30° N, longitude 0°, the moon rises at 0301 and 
sets at 1727. Note that on this day the moon rises 1°58™ before sunrise and sets 
1°36™ before sunset. This is reflected on the ecliptic diagram, which shows the moon 
slightly less than 30° or 2" west of the sun. 

On the next day, 19 June 1955, the moon rises at latitude 30° N, longitude 0°, 
at 0401 or 60™ later than on 18 June. The time of cither moonrise or moonset. is 
nearly always later on succeeding days. The primary reason for this retardation is 
that the celestial longitude (angular distance eastward along the ecliptic) of the moon 
increases faster than that of the sun, or the sun appears to move westward at a more 
rapid rate. 

The average difference in the times C 

needed for the sun and moon to com- O ¢ 

plete one apparent trip around the 
earth is 50™, and the value on any day 
does not differ by more than a few 
minutes from this average. Thus, the 
interval between consecutive merid- 
ian transits of the moon is always 
close to 24"50™. Refer to figure 1908a. 
The circle represents the celestial s 
equator, as seen from a point over 
the south celestial pole. Suppose the 
sun and moon are in conjunction 
(new moon) as they cross the upper 
branch of the Greenwich (0°) merid- 
ian. Because of the faster apparent 
motion of the sun, it will arrive over 
the 90° W meridian first, the moon 
being about 507/4=1275 (3°1) east CO 


of the meridian, as shown at the left o spies 

of figure 1908a. By ad ecthe- sun IGURE 8a.—The moon lags behind the sun by an 
1 half its dail average of 50™ aday. Consequently, any lunar rising 

com? etes ha its ally apparent rev- or setting occurs later in west longitude or earlier 

olution and arrives over the 180° in east longitude than at Greenwich. 
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meridian, the moon has dropped another 1275 (3°1) behind, as shown at the bottom 
of figure 1908a. At 90° EK, after three-quarters of the revolution of the sun, the moon 
is 3775 (9°4) behind, and when the sun completes its trip back to the 0° meridian 
one day after leaving it the moon has lagged behind 50™ or 12°5. 

The times of consecutive moonrises or moonsets also differ from day to day by an 
average of 50". However, the departure from average is much greater than in the case 
of meridian transit, because the latter depends only upon the hour angle, while the time 
of moonrise and moonset is also affected by the declination, except at the equator. 

Since the moon appears to move eastward approximately along the eclzptic, which is 
inclined about 23°27’ to the plane of the celestial equator, along which hour angle is 
measured, both its hour angle and declination are continually changing. When these 
two effects operate in the same direction, the lag is much greater than average. This 
occurs for moonrise at full moon in the spring and new moon in autumn. When the 
effects are in the opposite directions, the change in hour angle tending to increase the 
lag and the change in declination tending to decrease it, the interval between successive 
moonrises or moonsets becomes very small. In high latitudes the phenomena may 
actually occur earlier from day to day for a limited period. 

Thus, the harvest moon, the full moon occurring nearest the time of the autumnal 
equinox, appears at nearly the same positions in the evening sky for several days. The 
same effect is noticeable, but to a somewhat less marked degree, at the next following 
full moon, called the hunter’s moon. 

As stated above, the almanac lists the time of moonrise and moonset at the 0° 
(Greenwich) meridian. Because of the lag of the moon behind the sun, the local mean 
times of moonrise and moonset at any meridian other than 0° normally differ from 
the tabulated values. The figures given in the ‘Diff.’ column are the difference in 
time between consecutive moonrises and moonsets at longitudes 90° E and 90° W. 
Since the lag is considered constant for the period involved, the correction to 
be applied to GMT to determine the LMT for moonrise and moonset at any other 
longitude can be determined by the formula A X “Diff.”/180°. This correction 
can also be obtained directly from the table “Interpolation of 
Moonrise, Moonset” in the excerpts or on page A54 of The Air 
Almanac. Interpolation in this table is not considered justified, 
and cannot be performed under extreme conditions, in which 
case the symbol * is shown in the “Diff.” column indicating 
that no “‘Diff.’’ is possible because the moon does not rise (sct) 
the next day at that latitude. 

The differences in time, ‘‘Diff.”, obtained from the almanac 
are positive (+) unless indicated to be negative by the minus 
sign(—). For west longitude the correction is added for a positive ‘in aes 
“Diff.” and subtracted for a negative one. In east longitude the ii dor ee een gir 

g the moon rising 
correction for “Diff.” is subtracted if positive, and added if negative. twice the same day. 
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Example 1.—Find the zone time of moonrise and moonset at L 47°28’ N, \ 118°11’ 
W on 20 June 1955. 








Solution.— 
L 47°28’ N 
» 118°11’ W 
Moonrise Moonset 

diff. 36 (from AA) 25 
tab. 0410 2027 
Corr. (+)23 (from A54) (+)17 
LMT 0433 2044 
dd (—)7 (—)7 
ZT 0426 2037 


Because of the slower apparent motion of the moon than of the sun, by which days 
are reckoned, there are days on which the moon does not rise. For instance, on 18 
June 1955 (app. E), the time of moonrise at latitude 66° N, longitude 0° is tabulated 
as 2347. On the 19th the time is given as 2453, and on the 20th as 0053. These 
last two tabulations refer to the same moonrise, since 2453 on the 19th is the same as 
0053 on the 20th. Actually, the interval between consecutive moonrises at the Green- 
wich meridian is 25°06” or the lag is 66™ (2453-2347). Interpolation for longitude is 
made between consecutive moonrises or moonsets, regardless of the days on which they 
fall. If the solution should inadvertently result in finding the rising or setting a day 
early ora day late, an approximately correct value can be found by adding or subtracting 
tuice the “Diff.” to the time found in the solution. However, if there is a large dif- 
ference between the “Diff.” of consecutive days, this procedure does not produce 
satisfactory results, and a new solution should be made. This condition occurs most 
frequently in high latitudes. For instance, on 18 June 1955 (app. E) at latitude 66° N 
the time of moonrise is 2347 and “Diff.” is 19. Applying twice the “Diff.,’’ or 38, to this 
time gives 0025 on 20 June as the time of the next moonrise. This differs by 28 minutes 
from the correct value of 0053 given in the almanac. 

In high latitudes, where the interval may be less than 24" (moonrise or moonset 
occurring earlier on one day than on the preceding one) the moon may rise or set twice 
on the same day. Thus, referring to figure 1908b, at L. 62° N, A0°, the moon rises at 
0002 and rises again at 2359 on the same day, an interval of 23°57™ having elapsed be- 
tween consecutive moonrises. 

Since the time of moonrise and moonset depends partly upon the latitude of the 
observer, the day on which a moonrise or moonset does not occur, or occurs twice, differs 
with the latitude. It may also differ at different longitudes along the same parallel of 
latitude because of the differing corrections for longitude and adjustment to ZT". 

1909. Effect of height of observer upon time of rising and setting phenomena.— As 
shown in figure 1704, the visible horizon is below the sensible horizon. The angle 
between the two horizons is called dip and is dependent primarily upon the altitude of 
the observer’s eye above the surface of the earth, increasing as the altitude increases. 
Sunrise and sunset occur when the upper limb of the sun is on the visible horizon. 
Therefore, as the height of the observer increases, sunrise and sunset occur earlier and 
later, respectively. 

A correction for this purpose is tabulated on pages A52 and A53 of The Air Almanac. 
The table is entered at the top and second line with the nearest duration of twilight 
and time of sunrise or sunset, obtained from the daily pages of the almanac, and at 
the left-handed vertical column with the height of the observer. Thus, on 20 June 1955 
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in latitude 54° N sunrise is at 0327, sunset at 2036, duration of twilight 55". For 
flight altitude of 15,000 feet the correction for sunrise and sunset is 24™. Therefore, 
they occur at 0303 and 2100, respectively. 

Tables A and B give the same information for extreme conditions. Table A refers 
to those cases where civil twilight lasts all night (indicated by the almanac entry ////). 
Thus, on 20 June 1955, in latitude 62° N, sunrise is at 0209, sunset at 2153, duration 
of twilight ////. For flight altitude of 15,000 feet the correction for sunrise and sunset 
is 1524™, or they occur at 0045 and 2317 respectively. At altitude 20,000 feet and 
above there are no entries in this column of Table A. This indicates that at these 
altitudes the sun does not rise or set, but is above the horizon all day. 

Table B refers to those cases where the sun is continuously below the horizon all 
day (indicated by mm). It may, however, under these conditions be visible to an 
observer at sufficient altitude. Meridian passage of the sun occurs at apparent noon 
(approximately 12"00™) which is the mid-point of twilight. The values given for 
twilight in the almanac for this case are the times from the beginning of morning 
twilight to 12"00™ and from 12"00™ to the end of evening twilight, or half the total 
duration. The correction obtained from table B, which is entered with the height 
and tabular duration of twilight, is applied to 12007. This condition does not occur 
during the period covered by the almanac pages in appendix E. 

The effect of height on the duration of twilight is less certain, but approximate 
values can be determined. From The Air Almanac page A12, or from the right-hand 
curve of figure 2625b, determine the depression of the sun at the darker limit of civil 
twilight, at flight altitude. This is 6°0 at sea level, and increases uniformly at the 
rate of 0°3 for each 10,000 feet altitude. With this value enter the right-hand column 
of the appropriate table on pages A52 and A53. The value taken from the appropriate 
column is the interval to be added to the time of sunset or subtracted from the time of 
sunrise as given on the daily pages. 

The effect of height on the time of moonrise and moonset is similar to that on 
sunrise and sunset, but the almanac makes no provision for finding the correction. 
In high latitudes, where the effect is greatest, solution can be made by twilight com- 
puter, as explained in article 2626. 

1910. Sunlight and moonlight diagrams.—The duration of sunlight and twilight is 
of great significance to navigators in high latitudes. Diagrams are available near the 
back of The Air Almanac from which the duration of twilight, the semiduration of sun- 
light and moonlight, and the approximate times of meridian transit of the sun and moon 
can be obtained graphically for latitudes north of 65° N. 

The semiduration of sunlight, semiduration of moonlight, or duration of twilight is 
found at the intersection of a vertical line through the date and a horizontal line through 
the latitude. A vertical line through the date and extended to the top of the semi- 
duration diagrams indicates the LMT of meridian transit of the body. This can be 
converted to ZT in the same manner as for sunrise and sunset (art. 1906). To find the 
time of sunrise subtract the semiduration of sunlight from the time of meridian transit; 
to find the time of sunset, add. Follow a similar procedure for the moon, remembering 
that the value is correct for the Greenwich meridian, requiring a correction for longitude 
as for moonrise or moonset determined by table. 

1911. Sky diagrams.—A unique feature of The Air Almanac is the section contain- 
ing a series of diagrams giving the approximate altitudes and azimuths of the celestial 
bodies most suitable for navigational purposes. Separate diagrams are given for each 
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2 hours during the night from latitude 30° S to 90° N. Appendix E shows some of the 
evening sky diagrams for June 1955, together with the explanation of symbols. 
Consider the diagram for latitude, 50° N, 23". The outer circle represents the horizon 
and the cross indicates the zenith, 90° altitude. The inner circles represent altitudes 
of 30° and 60°. Azimuth is indicated as on a chart with north at the top and east at 
the right. The positions of various star symbols give the altitudes and azimuths at 
LMT 2300 on 15 June 1955. These positions are approximately correct throughout 
the month. Thus, thestar Antares (42) is at h 15°, Zn 182° and Saturn is at h 26°, Zn 
208°. The positions of the moon are shown for June 1, 5, 9, 26, and 30 by the small 
numbered circles. The arrows on the diagram show the approximate direction and 
amount of diurnal motion in various parts of the sky. 

A separate set of sky diagrams is given for the north polar regions. The center 
row shows the conditions existing at the pole, and the two outer rows give the conditions 
at latitude 70° N on opposite sides of the pole, that is, where longitude differs by 180° 
and LMT by 12". The positions of navigational bodies are thus available for flights 
near the pole. In using the polar diagrams a navigator should orient them so that 
figures giving LMT are right side up with the north pole (N-P) toward the top. 
These diagrams continue the series of diagrams to the pole and 20° beyond. Referring 
to the polar sky diagrams in appendix E, the motion for the planet Venus during the 
month is indicated by the broken line, the westerly end of the line representing the 
first of the month. 

1912. Miscellaneous.—Other items of information are included in The Arr Al- 
manac. The inside back cover carries refraction and Coriolis tables for correcting the 
observed altitude, and the outside back cover has additional corrections to be applied 
when using @ marine sextant. These corrections are discussed in chapter XXI. 

Instructions are given on pages A48 and A49 of the almanac for setting an astro- 
graph, a device for projecting on a special chart a series of curves of equal altitude for 
certain selected stars. Since the device is seldom used by American navigators, these 
instructions are not reproduced in the appendix. 

A Conversion of Arc to Time table is given on page A54. By means of this table 
any angle expressed as an arc can be converted to the equivalent time units and vice 
versa. Separate tabulations are given for degrees and minutes up to 180°. For angles 
greater than 180°, subtract 180° and add 12 hours to the result. Thus, for an angle 
277°35’, the equivalent time is: 





277°35" 97° == 6°28™ 
— 180° 35/ = 27208 
97°35’ 97°35’= 6°30™208 
+12" 


18°30™208 
Similarly, for a time of 9°21718* the equivalent arc is: 
9620" =140° 
17™16°= 19’ 
2 = 30/7 
9521™188= 140°19'30"’ 


A Navigational Star Chart is given on a fold-in at the back of the almanac. 
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(Note.—Pertinent excerpts from The Air Almanac are given in appendix E.) 
1903a. Given.—On 18 June 1955 GMT 1s 5°03™26°. 
Required —GHA and d of the sun, moon, and Saturn. 


Answers.— 
Sun Moon Saturn 
GHA 255°40’ 285°58’ 118°00’ 
d 23°23’ N 22°14’ N 14°05’ S 
1903b. Required—Find the GHA and declination of the moon for the following 
times. 
Answers 
Date GMT GHA d 
19 June 16°25™078 13°33" 23°39’ N 
18 June 4548™568 282°29’ 22°13’ N 
19 June 22°09™118 155°55’ 23°31’ N 
18 June 10°12™368 0°00’ 22°40’ N 


1903c. Required—Where are the geographical positions of the sun, moon, Venus, 
and Saturn on 19 January 1955 at GMT 20°19™57°? 


Answers.— 
Sun Moon Venus Saturn 
lat. 23°26’ N 23°34’ N 20°43’ N 14°04’ S 
long. 124°42’ W 129°47’ W 146°00’ W 11°12’ E 


1903d. Required —What is the change in the moon’s declination (1) between 0° 
June 18 and 0° June 19; (2) Is the moon moving north or south in declination ? 
Answers.—(1) 1°42’, (2) north. 
1905a. Required.—By inspection of the ecliptic diagram for 18 June 1955, answer 
the following: 
(1) Shortly before sunrise, 
(a) Will the moon be rising or setting? 
(b) Which is the morning star? 
(c) Is Jupiter visible? 
(d) What is the meridian angle of Aldebaran? 
(e) Near what bright object is it? 
(f) What is the approximate right ascension of Jupiter? 
(¢) What is the sidereal hour angle of Aldebaran? 
(h) Where would you look for Aldebaran ? 
(1) Is Venus visible? Where? 
(2) Of the bodies shown, which will be visible just after sunset ? 
(3) At sunset where is the moon? 
Answers.—(1) (a) Rising, (b) Venus, (c) no, (d) 72° E, (ec) Venus and Moon, (f) 
about 8" (120°), (g) 290°, (h) low in the cast, (i) yes, low in the east. 
(2) Mars, Jupiter, Regulus, Spica, Saturn, and Antares. 
(3) Just below the western horizon. 
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1906. Hequired.—Find the zone time of sunrise and sunset on 20 June 1955 at 
the following positions: 


Answers 
Sunrise Sunset 
1. L 30°20’ N X 87°17’ W 0447 1854 
2. L 27°37’8S dX 168°42’ W 0705 1728 
3. L 59°36’ N X 52°31’ E 0309 2153 
4. L 10°24’ N » 126°12’ EB 0514 1759 


1907a. Required.—For the positions and date given in problem 1906, compute the 
zone times of (1) the beginning of morning civil twilight, (2) the ending of evening 
civil twilight. 


Answers.— 
AM PM 
1. 0420 1921 
2. 0639 1754 
3. 0128 2334 
4. 0451 1822 


1907b. Required—Compute from The Air Almanac the zone times of the beginning 
of morning nautical twilight and the ending of evening nautical twilight for L 0°, 
\ 80° W on 18 June 1955. 

Answers .— 0527 AM 1915 pm 

1908a. Required.—Find the zone time of moonrise and moonset for the following 
positions on 19 June 1955. 

1. L 30°20’ N, \ 87°17’ W, using table on page A54 of almanac. 

2. L 22°47’ S, \ 67°29’ E, using ratio 4/180. 


Answers.— 
Moonrise Moonset 
1. 0402 1837 
2. 0504 1606 


1908b. Required —Compute the zone times of moon rise and moonset on 18 June 
1955 for L 46°32’ N, \ 17°14’ E. 


Answers.— 
Moonrise Moonset 


0200 1808 


1909. Required.—Find the zone time of sunrise, sunset, and the beginning and 
ending of civil twilight on 19 June 1955 at an aircraft flying at an altitude of 25,000 
feet above L 57°58’ N, \ 76°04’ W. 

Answers.— 

AM twilight 0121 Sunrise 0217 
PM twilight 2249 Sunset 2153 


1910. Required —For 25 Aug. 1955 at L 71° N, \ 69° W find (1) the LMT and ZT 
of the sun’s upper transit; (2) ZT of sunrise and sunset; (3) ZT of the beginning of 
morning twilight and the ending of evening twilight. 

Answers.—(1) LMT 1202, ZT 1138; (2) sunrise 0258, sunset 2018; (3) 0113, 2203. 
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1911. Required.—Find the answers to the following questions by inspection of the 
sky diagrams, assuming lat. 50° N and local time 1900 on 18 June 1955. 
(1) What are the altitude and azimuth of Venus? 
(2) What is the magnitude of Capella? 
(3) Is the moon east or west of the meridian? 
(4) What planet is between Venus and Jupiter? Does this agree with the ecliptic 
diagram of the same date? 
(5) What are the altitude and azimuth of Vega? Ifasky diagram were shown for 
LMT 2000, would Vega’s altitude be greater or less? 
Answers.—(1) h 6°, Zn 295°, (2) 0, (3) west, (4) Mars, yes; (5) h 30°, Zn 062°, 
greater. 
1912a. Required.—Convert the following arc units to time units, using the conver- 
sion table. 
(1) 47° 26 17” 
(2) 153° 19’ 49” 
(3) 289° 56’ 30” 
Answers.— 
(1) 35 9™ 45° 
(2) 108 13™ 19° 
(3) 19° 19™ 46° 
1912b. Required.—Convert by table the following time units to arc units: 
(1) 1° 46™ 228 
(2) 23" 56™ 14° 
(3) 16" 00™ 44° 
Answers.— 
(1) 26° 35’ 30” 
(2) 359° 03’ 30” 
(3) 240° 11’ 00” 


CHAPTER XX 
SIGHT REDUCTION 


Preliminary Computation 


2001. Introduction.—As stated in article 1712, the three steps in establishing a line 
of position from a celestial observation are (1) observation, (2) computation, and (3) 
plotting. The observation of a celestial body consists of measuring its altitude above a 
horizon by means of a sextant, and noting the time. The measurement is called the 
sextant altitude (hs) of the body. After certain corrections have been applied, the 
measurement is called the observed altitude (Ho). Sextants and the correction of sex- 
tant altitudes are explained in chapter XXI. 

The second step, computation, described in article 1712, is frequently called sight 
reduction; and the tables which facilitate this process are called sight reduction tables. 
The purpose of the computation is to determine the altitude and azimuth of the observed 
body for some known or assumed position (AP) near the observer’s position and at the 
instant of his observation. The difference between the computed altitude (Hc) and the 
observed altitude (Ho) is called the altitude difference (a) and is equal to the difference 
in miles from the assumed position to the line of position, as explained in article 1712. 
Sight reduction tables and the computation are much shortened by selecting the AP so 
that its latitude (L) and the meridian angle (£) from it are both in whole degrees. Some 
tables are entered with LHAT ; in which case, the longitude of the AP is chosen so that 
LHAY isa whole degree. Declination and GHA are taken from The Air Almanac, and 
GHA is converted to LHA by subtracting the longitude of the AP if in west longitude, 
or adding if in east longitude. 

The third step, plotting, consists of plotting the assumed position and azimuth line 
of the chart and drawing the line of position perpendicular to the azimuth line at a dis- 
tance from the AP equal to the altitude difference; toward the body if Ho is greater than 
He, or away from the body if Ho is less than He. 

A somewhat different approach consists of printing on a series of charts, a number 
of equal-altitude curves (art. 1711) applicable to two or three suitably-placed stars. 
The observer’s position is found by interpolating the observed altitudes between these 
curves, reading the latitude, and converting the indicated local sidereal time to longi- 
tude. Perhaps the best known application of this method is the series of Star Altitude 
Curves devised by Captain P. V. H. Weems, U.S. Navy (Ret.). In the Astrograph, a 
British development, the curves are printed on film and are projected onto specially con- 
structed charts. 

The Air Almanac data for all problems of this chapter are given in appendix E. 

2002. Finding meridian angle and declination of the sun.— 

Fram ple.-—On 18 June 1955 the 1615 DR position of an aircraft is L 58°29’N, 
d 127°34’ W.) The navigator observes the sun at watch time 4"14™468 pm. The watch 
is 27° fust. on zone time. 
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Required.—(1) The LHA and ¢ of the sun, using an assumed position such that the 
answers will be in whole degrees, (2) the sun’s declination, (3) the latitude and longitude 
of the AP. 

Solution.—(1) First, convert watch time (W) to GMT and determine the Green- 
wich date. 


W 4514™46° pm June 18 
WE (F) 278 
LT 16°14™7198 
ZD (+) 9 
GMT 15147195 June 19 


(2) Next, find GHA and d from The Air Almanac. 
GMT 1514719 June 19 
1°10™ 197°16’ 
4™19° 1°05’ 

GHA 198°21’ 
d 23°25’ N 


(3) Find LHA by applying the longitude of the AP to GHA, subtracting if west 
and adding if east. If it is desired that LHA be the nearest whole degree, the assumed 
longitude (aX) is chosen accordingly. It is never necessary to change the DR longitude 
more than 30™ to accomplish this. 

GHA 198°21’ 
an 127°21’ W 

LHA 71°00’ 
t 71°00’ W 





Since LHA is less than 180°, ¢ is numerically equal and is west. 
The three steps thus far can be combined in a single solution: 


W 4514™46° pm June 18 





WE (F) 278 
ZT =: 16"14™198 
ZD (+) 9 
GMT 15147198 June 19 
1510" 197°16’ 
4™198 1°05’ 
GHA __198°21’ 
an 127°21’ W 
LHA 71°00’ 
t 71°00’ W 
d 23°25’ N 


(4) The assumed latitude (aL) is the nearest integral degree to the DR latitude at 
the time of sight, in this case 58°00’ N. 

Answers.—(1) LHA 71°00’, 71°00’ W, (2) d 23°25’ N, (3) al 58°00’ N, ad 
127°21’ W. 

2003. Finding meridian angle and declination of the moon.— 

Example.—At about 0310 on 19 June 1955 the navigator of a patrol aircraft 
observes the moon, with the following results: W 3°07"24° am, WE on ZT slow 18°, DR 


position L 44°37’ S, \ 63°55’ E. 
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Required.—(1) LHA and ¢, (2) moon’s declination, (3) assumed position. 


Solution.— 
WwW 35077245 am June 19 
WE (S) 18° 
ZT 3°07™42° 
ZD (—)4 
GMT 235077425 June 18 
235007 183°38’ 
77428 roo’ 
GHA 185°29’ 
an 63°31’ E 
LHA 249°00’ 
t 111°00’ E 
d 23°26’ N 


Answers.—(1) LHA 249°00’, ¢ 111°00’ E, (2) d 23°26’ N, (3) aL 45°00’ S, ad 
63°31’ E. 

Note that ad 63°31’ E is nearer the DR longitude than ad 64°31’ E. 

2004. Finding meridian angle and declination of a planet.— 

Example.—The 1745 DR position of an aircraft is L 6°27’ N, \ 178°19’ E. The 
watch time is 5°52™17° pm, watch 28° slow on (—)11 zone time, local date 20 June 
1955. 

Required.—LHA, t, and d of Venus if the DR is used as the assumed position. 


Solution.— 
WwW 5552™17° pm June 20 
WE (S) 288 
ZT 17°52™45° 
ZD (—) 11 
GMT 6552™458 June 20 
6°50™ 303 °24’ 
245° 41’ 
GHA 304°05’ 
ar 178°19’ E 
LHA 122°24’ 
t 122°24’ W 
d 20°49’ N 


Answers.—LHA 122°24’, t 122°24’ W, d 20°49’ N. 

Note that if the DR is used as the assumed position, LHA and ¢ are not integral 
degrees. Consequently, interpolation is required if a computed altitude table is to be 
used. 

2005. Finding meridian angle and declination of a star.— 

Example.—On 18 June 1955 Spica is observed with a bubble sextant, as follows: 
W 7°12™04? pm, WE on ZT (F) 37°, DR position at time of sight L 29°50’ N, \ 127°29’ W. 

Required.—(1) LHA, #, and d of star, (2) assumed position. 

Solution.—The GHA of stars is not tabulated in the almanacs. However, the 
hour angle of a star is equal to its sidereal hour angle (art. 1610) increased by the hour 
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angle of the vernal equinox. Thus, GHA¥;=GHAT+SHAy. The GHAT is 
tabulated in the daily pages of The Air Almanac. The SHA and d of the principal 
navigational stars appear on the inside of the front cover and flap of the almanac. 


W 7°12™04° pm June 18 
WE (F) 37° 
LT 19°11™278 
ZD (+) 8 
GMT a L272 June 19 
3°10™ 314°05’ 
127" 0°22’ 


GHAT 314°27’ 
SHA 159°17’ 
GHA 473°44’ 


ar 127°44’W 
LHA 346 °00’ 

t 14°00’ E 

d 10°56’ S 


Answers.—(1) LHA 346°00’, ¢ 14°00’ E, d 10°56’ S; (2) aL 30°00’ N, aad 127°44’ W. 
Sight Reduction Tables for Air Navigation, H.O. Pub. No. 249 


2006. Description of tables.—The three volume series commonly known as H.O. 
Pub. No. 249 provides perhaps the most comprehensive and widely used sight reduc- 
tion tables available to the air navigator. The tables provide universal latitude 
coverage. They were designed for use with The Air Almanac and are tabulated to a 
comparable order of detail. (See app. F.) 

Volume I, for selected stars, is arranged for entering with each whole degree of 
LHAT, (each 2° between L 70° and the poles), altitudes to the nearest minute and 
azimuths to the nearest degree are given for seven selected stars favorably located for 
observation. The stars are selected from 
a list of 41 stars, 19 of the first magnitude, 
17 of the second magnitude, and 5 of the 
third magnitude. 
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Required. —(1) LHA and ?, (2) moon’s declination, (3) assumed position. 


Solution.— 
WwW 3507724" am June 19 
WE (S) 188 
ZT 3°07™4 28 
ZD (—)4 
GMT 23507742 June 18 
23°00™ 183°38’ 
77428 1°51’ 
GHA 185°29’ 
an 63°31’ E 
LHA 249°00’ 
t 111°00’ E 
d 23°26’ N 


Answers.—(1) LHA 249°00’, ¢ 111°00’ E, (2) d 23°26’ N, (3) aL 45°00’ S, ad 
63°31’ E. 

Note that ad 63°31’ E is nearer the DR longitude than ad 64°31’ E. 

2004. Finding meridian angle and declination of a planet.— 

Example.—The 1745 DR position of an aircraft is L 6°27’ N, \ 178°19’ E. The 
watch time is 5"52™17° pm, watch 28° slow on (—)11 zone time, local date 20 June 
1955. 

Required.—LHA, t, and d of Venus if the DR is used as the assumed position. 


Solution.— 
Ww 55527178 pm June 20 
WE (S) 28 
ZT 17°52™45° 
ZD (—) 11 
GMT 6°52™458 June 20 
6°50™ 303 °24’ 
27455 41’ 
GHA 304°05’ | 
an 178°19’ E 
LHA 122°24’ 
t 122°24’ W 
d 20°49’ N 


Answers.—LHA 122°24’, t 122°24’ W, d 20°49’ N. 

Note that if the DR is used as the assumed position, LHA and ¢ are not integral 
degrees. Consequently, interpolation is required if a computed altitude table is to be 
used. 

2005. Finding meridian angle and declination of a star.— 

Example.—On 18 June 1955 Spica is observed with a bubble sextant, as follows: 
W 7°12™048 pm, WE on ZT (F) 37°, DR position at time of sight L 29°50’ N, \ 127°29’ W. 

Required.— (1) LHA, #, and d of star, (2) assumed position. 

Solution.—The GHA of stars is not tabulated in the almanacs. However, the 
hour angle of a star is equal to its sidereal hour angle (art. 1610) increased by the hour 
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angle of the vernal equinox. Thus, GHAy;=GHAT+SHA;. The GHAT is 
tabulated in the daily pages of The Air Almanac. The SHA and d of the principal 
navigational stars appear on the inside of the front cover and flap of the almanac. 


W 75127045 pm June 18 
WE (F) 378 
LT 19°11™278 
ZD (+) 8 
GMT 35117278 June 19 
3°10" 314°05’ 
ia AF fi 0°22’ 
GHAT 314°27’ 
SHA 159°17’ 
GHAs+ 473°44’ 
ar 127°44’W 
LHA 346 °00’ 
t 14°00’ E 
d 10°56’ S 


Answers.—(1) LHA 346°00’, t 14°00’ E, d 10°56’ S; (2) aL 30°00’ N, ad 127°44’ W. 
Sight Reduction Tables for Air Navigation, H.O. Pub. No. 249 


2006. Description of tables.—The three volume series commonly known as H.O. 
Pub. No. 249 provides perhaps the most comprehensive and widely used sight reduc- 
tion tables available to the air navigator. The tables provide universal latitude 
coverage. They were designed for use with The Air Almanac and are tabulated to a 
comparable order of detail. (See app. F.) 

Volume I, for selected stars, is arranged for entering with each whole degree of 
LHAT, (each 2° between L 70° and the poles), altitudes to the nearest minute and 
azimuths to the nearest degree are given for seven selected stars favorably located for 
observation. The stars are selected from 
a list of 41 stars, 19 of the first magnitude, 
17 of the second magnitude, and 5 of the 
third magnitude. 

Volumes II and III give to similar 
accuracy the altitude and azimuth angle 
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tabulated in volume I of H.O. 249 are based 
upon the 1965.0 position of T, which is moving 
nearly westward about 1’ per year. An obser- 
vation taken in 1963 and reduced by volume I 
gives an easterly error of 2’ requiring a westerly 
correction. 


umes II and III provide solutions for altitudes measured by sextant from (—)3° to 
maximum for latitudes 0° to 69°, and from (—)5° to maximum for latitudes 70° to 89°, 
thus extending the tables to permit observations of negative altitude. Because of the 
large corrections for atmospheric refraction at low altitudes (ch. X XI) and the possi- 
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bility of utilizing large altitude differences, the effective computed altitudes extend to as 
much as 7° below the celestial horizon. 

All volumes contain appropriate auxiliary correction tables for refraction and 
Coriolis (ch. X XI), and a table for conversion from arc to time units. They also 
include tables by which correction for the observer’s motion and motion of the body 
can be applied numerically instead of by advancing the line of position graphically. 
Volume I[ carries a Polaris correction table (table 6) similar to that in The Air Almanac 
and a correction table (table 5) for precession and nutation. 

Table 5 is made necessary by the fact that volume I gives Hc and Zn of celestial 
positions whose coordinates change slightly due to westward precession of the equinoxes 
(art. 1611). The main tables are computed for the mean positions of stars at the 
beginning of 1965; consequently a line of position or a fix at other dates must be ad- 
justed for the amount by which the coordinates differ from those at the start of 1965. 

Suppose, for example, that the westerly precession of the equinox is 1’ (the average 
is 50’’) and that the horizontal line in figure 2006a represents the ecliptic with succes- 
sive positions of the equinox (T) moving as shown in a westerly direction at the rate 
of 1’ per year. The tables in volume I are computed for the position of T and the 
related stars at the beginning of 1965 (1965.0). Consequently, the tabulated He and 
Zn for a star observation taken in 1963 will be based upon a point 2’ too far to the 
eastward, and a westerly correction is required. In 1966 the table gives a position too 
far to the westward, and an easterly correction is indicated. 





Figure 2006b.—Arrows represent direction of precession at various latitudes and various values of 
LHAT. 
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The direction of the correction is the angle between a parallel of celestial Jatitude 
(the ecliptic or a small circle parallel to it) and the celestial meridian of the observer, 
at the latitude of the observer. As LHAT changes, the angle changes as shown in figure 
2006b. Hence, the direction of the correction for precession and nutation changes as 
shown in table 5. 

2007. Volume I (star tables).—In volume I a separate set of tables (two facing 
pages between latitude 69° N and 69°S and a single page elsewhere) is provided for 
each whole degree of latitude. Thus, the latitude of the assumed position, as one of the 
entering arguments, serves to identify the table (page or double page) to use, and since 
the assumed latitude is a whole degree, no interpolation is needed for this argument. 

The second entering argument, LHA 7, indicates the applicable line. Between lati- 
tude 69° N and 69° S a line is provided for each whole degree of LHAT, and between 
70° and the poles for each even degree. If the assumed longitude is selected to produce 
such values, no interpolation is needed for LHAT. 

For each LHAY entry altitude and azimuth are given for seven selected stars. 
The values given are those for the 1965 declinations of the stars named. Since exact 
values are used, interpolation for the third argument is eliminated. 

As indicated above, the H.O. 249 arrangement eliminates interpolation. Further, 
this method eliminates the need of looking up and adding the SHA of the stars, and 
provides values for seven stars for a single entry of LHAY. Thus, simultaneous star 
sights or those taken four minutes apart can be plotted from the same assumed position 
without correction. Finally, the arrangement makes possible the tabulation of azi- 
muth rather than azimuth angle. 

The values taken from the tables are computed altitude (Hc) and azimuth (Zn). 
The difference between Hc and the observed altitude (Ho) is the altitude difference 
(a), the distance between the AP and the line of position, in the direction (or opposite) 
of the azimuth. 

The following examples are based upon epoch 1955.0 of H.O. Pub. No. 249, Vol. I, 
extracts from which are contained in App. F. 

Example 1.—On 18 June 1955 a navigator observes the star Spica at ZT 195117278, 
at which time GHA 7 is 314°27’ and the DR position is L 29°50’ N, A 127°29’ W. 
The star’s observed latitude (Ho) is 47°21’. 

Required.—(1) The altitude difference (a), (2) the azimuth (Zn), (3) the assumed 
position, (4) plot of the line of position. 

Solution.—() Find the LHAY to a whole degree for a longitude nearest the DR 
longitude. 

GHAT? 314°27’ 
ar 127°27’ W 
LHAT 187 °00’ 

(2) Enter the page of volume I for latitude 30° N (the nearest whole degree) and 
opposite LHAY 187° pick out from the Spica column He 47°00’, Zn 160°. 

(3) Compute the altitude difference. 

He 47°00’ 
Ho 47°21’ 
a 21 T (toward) 
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Since the observed altitude (Ho) is 21’ greater than the computed altitude (Hc), 
the LOP is 21 miles in the direction toward the body from the AP (art. 1712). 

(4) Plot the AP and move it 1 mile in direction 110°, as indicated by table IV. 
(See fig. 2007a.) From this point lay off the altitude difference (21 miles) toward the 


128°W 127°W 


AP Adjusted 


AP by Tabl 
art. 2oo7 Ye % 













iy 30°N 


30 





AP 
Art. 2005 \ OR 


Fiaure 2007a.—Plot of example 1, article 2007. 


direction of the body (Zn 160°). Through this point draw the line of position per- 
pendicular to the azimuth line. 

Answers.—(1) a 21 mi. toward, (2) Zn 160°, (3) aL 30°00’ N, ad 127°27’ W, (4) 
see figure 2007a. 

Note that the data of this example are the same as those in article 2005. When | 
using volume I of H.O. 249 it is unnecessary to compute ¢ and d for each star observed, | 
and thus a considerable saving of time is effected. Solution by the method of article 
2005 produces approximately the same line of position, as shown in figure 2007a, al- ! 
though the AP and a are different. | 

Example 2.—On 19 June 1955, the GMT 2330 DR position of an aircraft on 
TC 160°, PGS 200K, is L 29°33’ N, \ 48°14’ E. Star observations are made as follows: | 


Observed 
Body GMT altitude (Ho) 
Altair 23521™598 67°16’ 
Rasalhague 23524™548 46°08’ 


Fomalhaut 23°28™148 21°24’ 


SIGHT REDUCTION 487 


Required.—The GMT 2328 fix. 
Solution (fig. 2007b).— 





Altair Rasalhague Fomalhaut 
GMT 235217598 23524754? 23528714? 
23°20" 257°24’ 257°24' 257°24’ 
1™59° 30’ (4™54°) 1°14’ = (8™14°) 2°04’ 
GHAT 257°54’ 258°38’ 259°28’ 
ar 48°06’ E 48°22’ EK 48°32’ 
LHAT 306°00’ 307°00’ 308°00’ 
aL 30°00’ N 30°00’ N 30°00’ N 
He 67°11’ 45°59’ 21°07’ 
Ho 67°16’ 46°08’ 21°24’ 
a 5 T 9 T 17 T 
Zn 203° 256° 147° 
98°F 4Q°E 
Frasalhague 
Altair Fomathaut 
AP AF 
< = mn 430°N 
30’ ‘ 





_.-d AP 
(Advanced) * 









AP 
(Advanced) © 


23300 > 
DR 30 


29°N 


FicurE 2007b.—Plot of example 2, article 2007. 


488 SIGHT REDUCTION 


Since the fix is to be plotted for 2328, the Altair line must be advanced for 6™ 
flight at 200K (20 mi.) and the Rasalhague line for 3™ (10 mi.). Note that the correc- 
tion for precession (1 mi., 070°) (table IV) is here applied at the fix instead of to each 
line individually. 

Answer.—2328 fix: L 29°34’ N, \ 48°21’ E. 

Several steps in computation can be avoided if star sights are taken 4™ apart. If 
this is done, the LHAT need be computed only once. LHAT is 1° less or 1° greater 
as the time of sight is 4™ earlier or later, respectively. All lines are plotted from the 
AP of the solution, advanced or retired as required. Further saving of time can be 
effected if the middle sight is taken at an exact 10™ of GMT, since almanac interpola- 
tion is then avoided. 

Example 3.—On 18 June 1955, at about ZT 2000, a navigator takes three star 
sights, spacing them 4™ apart, as follows: 


Body ZT Ho 
Regulus 19°56 ™00° 34°37’ 
Spica 20°00™00° 48°22’ 
Vega 20°04 ™00° 34°02’ 


The aircraft is on TC 340°, PGS 263K; 2000 DR position L 30°10’ N, ¥ 147917’ W. 
Required.—The fix at the time of the middle sight. 


148°W 147°W 
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Figure 2007c.—Plot of example 3, article 2007. 
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Solution (fig. 2007c).— 


ZT 
ZD 


GMT 
GHA? 
ar 
LHAT 
aL 

He 

Ho 


a 
Zn 


Table IV 


Regulus 
19°56™00° 


208°00’ 


34°56’ 

34°37’ 
19 A 

264° 

1 mi., 115° 


Spica 
20°00™00° 
(+)10 
6°00™00° 
356°42’ 
147°42’ W 
209°00’ 
30°00’ N 
48°18’ 
48°22’ 
4 T 
192° 


June 18 


June 19 


Answer.—2000 fix: L 29°52’ N, » 147923’ W. 
Note that the Regulus line is advanced from the AP for 4™ flight (17.5 mi.) while 
The table IV correction 1s applied at the fiz. 

The adjustment of lines of position for the motion of the aircraft between sights 
can be done graphically as in the preceding examples, or by applying a correction from 
table I-A or I-B. The correction is applied to Ho or He in accordance with the rules 


the Vega line is retired by the same amount. 


given below the table. 
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Vega 


20°04™00° 


210°00’ 


33°49’ 


34°02’ 


13 T 
061° 


Example 4.—Using the same data as in example 3, and adjusting the lines by table 


I, plot the 2000 fix. 


148°W 


30° N 





147 °W 


FicurE 2007d.—Plot of example 4, article 2007. 
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Solution (fig. 2007d).— 


Regulus Spica Vega 
Zn 264° 061° 
TC 340° 340° 
Diff. 76° 279° 
tab. I (—)5’ (+)3° 
He 34°56’ 33°49’ 
Hp 34°51’ 48°18’ 33°52’ 
Ho 34°37’ 48°22’ 34°02’ 
a 14 A 4 T 10 T 
Zn. 264° 192° 061° 
aL 30°00’ N 
ar 147°42’ W 


tab. IV 1 mi., 115° 


Answer.—2000 fix: L 29°52’ N, » 147°23’ W, as before. 

The principal advantage to the use of table I is that it permits computation and 
partial plotting in advance. Thus, if the correction is applied to Hc, as shown, the 
precomputed altitude (Hp) is obtained. The AP is plotted and moved 1 mile in 
direction 115° to allow for precession and nutation. Following observation, it is neces- 
sary only to compare Hp with Ho (hs can be used if sextant altitude corrections are 
applied with reversed sign to Hc) to obtain the a for each line and then to plot the 
lines of position. Even the azimuth lines can be plotted in advance, so that it is neces- 
sary only to measure off a and erect the perpendicular LOP. 

2008. Volumes II and III (declination entry tables) are similar to volume I, with 
several important differences: 

1. Since the volumes are intended for use with celestial bodics of changing declina- 
tion and stars not included in volume I, the names of stars as an entering argument are 
replaced by declination values, a column being provided for each 1° of declination 
from 0° to 29°, both same and contrary name to latitude. An interpolation table is 
provided for intervening values of declination. Since interpolation is always forward 
from a lower value of declination, the tables are usable to declination 30°. 

2. The LHA of the body replaces LHAT as another entering argument. 

3. Azimuth angle is tabulated, rather than azimuth. 

These tables are used for observations of the sun, moon, planets, and stars falling 
within the declination range. In the case of stars it is normally used only for those stars 
for which no values are given in volume I. 

The following examples are solved by means of the extracts from The Air Almanac 
for 1955 (app. E) and volume II of H.O. 249 (app. F). 

Example 1.—At about GMT 0830 on 18 June 1955 Markab and the moon are ob- 
served as follows: 


Observed 
Body GMT altitude (Ho) 
Markab 85267488 71°34° 
Moon 85307008 16°40’ 


The 0830 DR position is L 29°47’ N, \ 58°48’ W; TC 130°, PGS 220K. 
Required.—The GMT 0830 fix. 
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FiGurRE 2008a.—Plot of example 1, article 2008. 


Solution (fig. 2008a).— 





Markab Moon 
GMT 8°26™48* 18 June 8530700" 
8520" 30°48’ (85307) 335°25’ 
6™48° ae: 7 rr ie ee 
GHAT B2°30° seeeenes 
SHA x i ol rr 
GHA 46°52’ 335°25/ 
ar 58°52’ W 58°25’ W 
LHA 348°00’ 277°00’ 
aL 30°00’ N 30°00’ N 
d 14°58’ N 22°32’ N 


Enter volume II at the page for the assumed latitude (30° N). The pages for 
each latitude are divided into two sections, one for use when declination and latitude 
have the same name (both north or both south), and the other for use when they have 
contrary names. In each declination column are found the values of computed altitude 
(Hc) and azimuth angle (Z) corresponding to the LHA given at the left or right. The 
column headed d gives the difference between Hc in that declination column and He 
in the next declination column to the right. The plus and minus signs indicate whether 
He increases or decreases with increased declination. Auxiliary table III provides 
means for performing the interpolation for declination. 

In this example, the declination of Markab is 14°58’ N. In the table for lat. 30° 
(same name), and the declination column for 14° (the next smaller integral degree) 

691-651 °—63——-32 
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find He 70°33’, d (+) 50’, Z 143° opposite LHA 348°. In the correction table find the 
correction for 58’ declination (left column) and d (-+-) 50’ (top) to be (+) 48’. 

The declination of the moon is 22°32’ N so that the section of the lat. 30° table 
(for same name) is entered and similar data extracted. 











Markab Moon 
He 70°33’ d(+)50’ 16°34’ d(+)27’ 

corr. (tab. ITT) (+ )48’ (+)14’ 
He 71°21’ 16°48’ 
Ho 71°34’ 16°40’ 

a 13 T 8 A 

Z N 143° E N 74° E 
Zn 143° 074° 


Plot the 0400 fix, advancing the Markab line for 372. The moon line is not ad- 
vanced because the time of the fix is at the time of the moon sight. 

Answer.—GMT 0830 fix: L 29°44’ N, 58°30’ W. 

Note that in volumes II and III the left-hand column of the main table gives 
appropriate values of ¢ and the equivalent LHA if 180° or less. The right-hand column 
gives corresponding values of LHA from 180° to 360°. In this example ¢ for Markab 
is 12° E which is on the same line as 348° in the right-hand column. Note also that 
where declination is of contrary name to latitude, the values of ¢ increase upwards; that is, 
in the contrary direction. Care must be used to select the correct portion of the table. 

Example 2.—Early one morning the navigator of an aircraft flying at a height 
of 25,000 feet observes the sun and moon, with the following results: 


Sun Moon 
ZT 45147048 4516™54° 
LHA  256°00’ 339 °00’ 

d 16°04’S 20°31’N 
aL 30°00’S 30°00’S 
ar 174°02’EK 174°25’E 

Ho (—)2°59’ 35°22’ 


DR position L 30°20’ S, A 174°18’ E 
TC 230°, PGS 350K 


Required.—The 0415 fix. 
Solution (fig. 2008b).— 














Sun Moon 
LHA 256 °00’ 339 °00’ 

d 16°04’ S 20°31’ N 

aL 30°00’ S 30°00’ S 

He (—) 3°39’ d(+)33 36°04’ d(—)55 

corr. (tab. ITI) (+) 2 (—) 28’ 
He (—) 3°37’ 35°36’ 
Ho (—) 2°59’ 35°22’ 

a 38 T 14A 

Z S 69° E S 155° E 


Zn 111° 025° 
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Figure 2008b.—Plot of example 2, article 2008. 


Note that at flight altitude the sun has a negative altitude but that such an observa- 
tion is usable. Be careful with signs (+ and —) when negative altitudes are involved. 
The values are used algebraically, so that a table III correction of (+) 2’ is numerically 
subtracted from a negative tabulated He. Also, the altitude difference is toward because 
the smaller negative observed altitude is higher in the sky (less zenith distance) than the 
larger negative He. 

Answer.—0415 fix: L 30°11’ S, \ 174° 41’ E. 

Tables I-A and I-B are included in volumes II and III, as in volume I, for those 
who prefer to apply a numerical correction to allow for motion of the aircraft between 
observations, instead of graphically adjusting the lines of position. 

Erample 3.—A navigator whose 2230 DR position is L 50°26’ N, A» 72°27’ W, 
TC 010°, PGS 310K, observes the moon and Jupiter with the following results: 


Moon Jupiter 
ZT 22°23™46° 22°27" 52" 
Ho 21°54’ 34°22’ 
He 22°00’ 34°09’ 
aL 50°00’ N 50°00’ N 
ar 72°19’ W 72°51’ W 
Zn 174° 069° 


Required.—The 2230 fix. 


494 SIGHT REDUCTION 


Sl 
73 7cP 
2230F1X__ Moon __— 
BS 
| <5 
225008'S 
Oo 
la 
=¥ ky 
Se |= 
| | 
lot) — 
(py Pi | 
- | 
le) , 
e - 
a en 
oy \l 
“_ “— y 
50 bs : 
AP AP 
Jupiter Moon 
FicurRE 2008c.—Plot of example 3, article 2008. 
Solution (fig. 2008c).— 
Moon Jupiter 
ZT 2252337468 22°27 752" 
Zn 174° 069° 
TC 010° 010° 
Diff. 164° 059° 
table I-A (47) (—)20’ I-A (4™) (+)11’ 
I-B (2™14°) (—)11’ I-B (2708°) (+)6’ 
Ho 21°54’ 34°22’ 
Ho (adjusted) 21°23" 34°28’ 
He 22°00’ 34°09’ 
a 37 A 19 T 


Answer.—2230 fix: L 50°36’ N, \ 72°41’ W. 
Note that the same lines of position are obtained if each AP is advanced graphically 
for the motion of the aircraft between the time of sight and 2230. 
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2009. Observed altitude (Ho) and sextant altitude (hs).—In all of the examples 
of this chapter it has been assumed that observed altitude (Ilo) is available. This 
value is generally found by applying certain corrections to sextant altitude (hs), the 
value read directly from the sextant. These corrections are discussed in chapter 
XXI. Without them the solution is incomplete. 

2010. Selecting the time of a fix.—Some work can be avoided by using a little 
foresight in selecting a time for which a fix is to be plotted. Thus, if a change of course 
or speed is scheduled, all sights for a fix should be completed before the change is 
started, or not begun until the change is completed. If a change of course or speed is 
made between sights for a fix, the change should be allowed for in the advancing or re- 
tiring of the lines of position. If a sight is in progress during the change, inaccurate 
results will be obtained. 

Normally, the time of the fix is considered the time of the middle sight, or the 
time of the last sight. It is good practice to schedule a fix on the hour or half hour or 
at the effective time of a routine weather or position report, advancing or retiring all 
LOP’s to that time. 

When using H.O. 249, volume I, it is convenient to schedule observations 4” 
apart, in which case only one computation of LHAYT is needed, preferably that of 
the middle sight. If the sextant has a 2-minute averaging device, the mid time of the 
observation is used. Thus, if a fix is desired at 0900, a 4™ schedule may be as follows: 


Start first sight 0855 
Mid time first sight 0856 
Complete first sight 0857 
Start second sight 0859 
Mid time second sight 0900 (fix) 
Complete second sight 0901 
Start third sight 0903 
Mid time third sight 0904 
Complete third sight 0905 


When sights are taken at irregular intervals, it is sometimes convenient to adjust 
them all to some common time, as the nearest half hour or hour, as in example 3 of 
article 2008. This practice should not be used if the time selected for the fix is more 
than a few minutes before the first sight or a few minutes after the last sight. 

2011. Computation form.— Numerous forms have been devised for recording and 
computing celestial lines of position. However, the requirements of @ particular situa- 
tion are so varied that complete uniformity is difficult of achievement. The form 
shown in figure 2011, developed by Military Air Transport Service, is a complete and 
convenient arrangement which can be used or modified to fit individual needs. The 
figures shown on this form are compatible with those in figure 727, Navigator’s Flight 
Log. Space is provided for recording other navigational data. The 0530 Capella 
observation is a compass check on the pilot’s (P) and navigator’s (N) compasses (chap. 
XXV). Several loran readings are shown (chap. XIII) as are three RDF bearings (chap. 
XT) on Ocean Station Vessel “Uncle”? (OSV “U”) and a radar bearing and range (chap. 
XH) on Farallon Island. Bellamy drift (chap. XV) was obtained hourly. 
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FicurRE 2008c.—Plot of example 3, article 2008. 
Solution (fig. 2008c).— 
Moon Jupiter 
ZT 22523746 20807 52" 
Zn 174° 069° 
TC 010° 010° 
Diff. 164° 059° 
table I-A (4) (—)20’ I-A (4) (+)11’ 
I-B (2714!) (—)11’ I-B (2™08°) (+)6’ 
Ho 21°54’ 34°22’ 
Ho (adjusted) 21°23” 34°28’ 
He 22°00’ 34°09’ 
a 37 A 19 T 


Answer.—2230 fix: L 50°36’ N, \ 72°41’ W. 
Note that the same lines of position are obtained if each AP is advanced graphically 
for the motion of the aircraft between the time of sight and 2230. 
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2009. Observed altitude (Ho) and sextant altitude (hs).—In all of the examples 
of this chapter it has been assumed that observed altitude (Ho) 1s available. This 
value is generally found by applying certain corrections to sextant altitude (hs), the 
value read directly from the sextant. These corrections are discussed in chapter 
XXI. Without them the solution is incomplete. 

2010. Selecting the time of a fix.—Some work can be avoided by using a little 
foresight in selecting a time for which a fix is to be plotted. Thus, if a change of course 
or speed is scheduled, all sights for a fix should be completed before the change is 
started, or not begun until the change is completed. If a change of course or speed is 
made between sights for a fix, the change should be allowed for in the advancing or re- 
tiring of the lines of position. If a sight is in progress during the change, inaccurate 
results will be obtained. 

Normally, the time of the fix is considered the time of the middle sight, or the 
time of the last sight. It is good practice to schedule a fix on the hour or half hour or 
at the effective time of a routine weather or position report, advancing or retiring all 
LOP’s to that time. 

When using H.O. 249, volume I, it is convenient to schedule observations 4™ 
apart, in which case only one computation of LHAY is needed, preferably that of 
the middle sight. If the sextant has a 2-minute averaging device, the mid time of the 
observation is used. Thus, if a fix is desired at 0900, a 4™ schedule may be as follows: 


Start first sight 0855 
Mid time first sight 0856 
Complete first sight 0857 
Start second sight 0859 
Mid time second sight 0900 (fix) 
Complete second sight 0901 
Start third sight 0903 
Mid time third sight 0904 
Complete third sight 0905 


When sights are taken at irregular intervals, it is sometimes convenient to adjust 
them all to some common time, as the nearest half hour or hour, as in example 3 of 
article 2008. This practice should not be used if the time selected for the fix is more 
than a few minutes before the first sight or a few minutes after the last sight. 

2011. Computation form.—Numerous forms have been devised for recording and 
computing celestial lines of position. However, the requirements of a particular situa- 
tion are so varied that complete uniformity is difficult of achievement. The form 
shown in figure 2011, developed by Military Air Transport Service, is a complete and 
convenient arrangement which can be used or modified to fit individual needs. The 
figures shown on this form are compatible with those in figure 727, Navigator’s Flight 
Log. Space is provided for recording other navigational data. The 0530 Capella 
observation is a compass check on the pilot’s (P) and navigator’s (N) compasses (chap. 
XXV). Several loran readings are shown (chap. XIII) as are three RDF bearings (chap. 
XI) on Ocean Station Vessel “Uncle’’ (OSV “U”) and a radar bearing and range (chap. 
XII) on Farallon Island. Bellamy drift (chap. XV) was obtained hourly. 
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FIGURE 2008c.—Plot of example 3, article 2008. 
Solution (fig. 2008c).— 
Moon Jupiter 
ZT 222346 225277525 
Zn 174° 069° 
LC 010° 010° 
Diff. 164° 059° 
table I-A (4") (—)20’ I-A (4") (+)11 
I-B (2714°) (—)11’ I-B (2708°) (+)6’ 
Ho 21°54’ 34°22’ 
Ho (adjusted) 21°23’ 34°28’ 
He 22°00’ 34°09’ 
a 37 A 19 T 


Answer.—2230 fix: L 50°36’ N, \ 72°41’ W. 
Note that the same lines of position are obtained if each AP is advanced graphically 
for the motion of the aircraft between the time of sight and 2230. 
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2009. Observed altitude (Ho) and sextant altitude (hs).—In all of the examples 
of this chapter it has been assumed that observed altitude (Ho) is available. This 
value is generally found by applying certain corrections to sextant altitude (hs), the 
value read directly from the sextant. These corrections are discussed in chapter 
XXI. Without them the solution is incomplete. 

2010. Selecting the time of a fix——Some work can be avoided by using a little 
foresight in selecting a time for which a fix is to be plotted. Thus, if a change of course 
or speed is scheduled, all sights for a fix should be completed before the change is 
started, or not begun until the change is completed. If a change of course or speed is 
made between sights for a fix, the change should be allowed for in the advancing or re- 
tiring of the lines of position. If a sight is in progress during the change, inaccurate 
results will be obtained. 

Normally, the time of the fix is considered the time of the middle sight, or the 
time of the last sight. It is good practice to schedule a fix on the hour or half hour or 
at the effective time of a routine weather or position report, advancing or retiring all 
LOP’s to that time. 

When using H.O. 249, volume I, it is convenient to schedule observations 4™ 
apart, in which case only one computation of LHAT is needed, preferably that of 
the middle sight. If the sextant has a 2-minute averaging device, the mid time of the 
observation is used. Thus, if a fix is desired at 0900, a 4™ schedule may be as follows: 


Start first sight 0855 
Mid time first sight 0856 
Complete first sight 0857 
Start second sight 0859 
Mid time second sight 0900 (fix) 
Complete second sight 0901 
Start third sight 0903 
Mid time third sight 0904 
Complete third sight 0905 


When sights are taken at irregular intervals, it is sometimes convenient to adjust 
them all to some common time, as the nearest half hour or hour, as in example 3 of 
article 2008. This practice should not be used if the time selected for the fix is more 
than a few minutes before the first sight or a few minutes after the last sight. 

2011. Computation form.— Numerous forms have been devised for recording and 
computing celestial lines of position. However, the requirements of a particular situa- 
tion are so varied that complete uniformity is difficult of achievement. The form 
shown in figure 2011, developed by Military Air Transport Service, is a complete and 
convenient arrangement which can be used or modified to fit individual needs. The 
figures shown on this form are compatible with those in figure 727, Navigator’s Flight 
Log. Space is provided for recording other navigational data. The 0530 Capella 
observation is a compass check on the pilot’s (P) and navigator’s (N) compasses (chap. 
XXV). Several loran readings are shown (chap. XIII) as are three RDF bearings (chap. 
XI) on Ocean Station Vessel “Uncle” (OSV “U’’) and a radar bearing and range (chap. 
XII) on Farallon Island. Bellamy drift (chap. XV) was obtained hourly. 
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FicGuRE 2008c.—Plot of example 3, article 2008. 
Solution (fig. 2008c).— 
Moon Jupiter 
ZT 225237468 20752? 
Zn 174° 069° 
TC 010° 010° 
Diff. 164° 059° 
table I-A (4") (—)20’ I-A (4") (+)11 
I-B (2™14') (—)11’ I-B (2708°) (+)6’ 
Ho 21°54’ 34°22’ 
Ho (adjusted) 21°23’ 34°28’ 
He 22°00’ 34°09’ 
a 37 A 19 T 


Answer.—2230 fix: L 50°36’ N, \ 72°41’ W. 
Note that the same lines of position are obtained if each AP is advanced graphically 
for the motion of the aircraft between the time of sight and 2230. 
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2009. Observed altitude (Ho) and sextant altitude (hs).—In all of the examples 
of this chapter it has been assumed that observed altitude (Ho) is available. This 
value is generally found by applying certain corrections to sextant altitude (hs), the 
value read directly from the sextant. These corrections are discussed in chapter 
XXI. Without them the solution is incomplete. 

2010. Selecting the time of a fix.—Some work can be avoided by using a little 
foresight in selecting a time for which a fix is to be plotted. Thus, if a change of course 
or speed is scheduled, all sights for a fix should be completed before the change is 
started, or not begun until the change is completed. If a change of course or speed is 
made between sights for a fix, the change should be allowed for in the advancing or re- 
tiring of the lines of position. If a sight is in progress during the change, inaccurate 
results will be obtained. 

Normally, the time of the fix is considered the time of the middle sight, or the 
time of the last sight. It is good practice to schedule a fix on the hour or half hour or 
at the effective time of a routine weather or position report, advancing or retiring all 
LOP’s to that time. 

When using H.O. 249, volume I, it is convenient to schedule observations 4™ 
apart, in which case only one computation of LHAY is needed, preferably that of 
the middle sight. If the sextant has a 2-minute averaging device, the mid time of the 
observation is used. Thus, if a fix is desired at 0900, a 4™ schedule may be as follows: 


Start first sight 0855 
Mid time first sight 0856 
Complete first sight 0857 
Start second sight 0859 
Mid time second sight 0900 (fix) 
Complete second sight 0901 
Start third sight 0903 
Mid time third sight 0904 
Complete third sight 0905 


When sights are taken at irregular intervals, it is sometimes convenient to adjust 
them all to some common time, as the nearest half hour or hour, as in example 3 of 
article 2008. This practice should not be used if the time selected for the fix is more 
than a few minutes before the first sight or a few minutes after the last sight. 

2011. Computation form.— Numerous forms have been devised for recording and 
computing celestial lines of position. However, the requirements of a particular situa- 
tion are so varied that complete uniformity is difficult of achievement. The form 
shown in figure 2011, developed by Military Air Transport Service, is a complete and 
convenient arrangement which can be used or modified to fit individual needs. The 
figures shown on this form are compatible with those in figure 727, Navigator’s Flight 
Log. Space is provided for recording other navigational data. The 0530 Capella 
observation is a compass check on the pilot’s (P) and navigator’s (N) compasses (chap. 
XXV). Several loran readings are shown (chap. XIII) as are three RDF bearings (chap. 
XI) on Ocean Station Vessel “Uncle” (OSV “U’’) and a radar bearing and range (chap. 
XII) on Farallon Island. Bellamy drift (chap. XV) was obtained hourly. 
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FIGURE 2008c.—Plot of example 3, article 2008. 
Solution (fig. 2008c).— 
Moon Jupiter 
ZT 225237468 22927 ™52° 
Zn 174° 069° 
TC 010° 010° 
Diff. 164° 059° 
table I-A (4™) (—)20’ I-A (4™) (+)11’ 
I-B (2™14°) (—)11’ I-B (2™08°) (+)6’ 
Ho 21°54’ 34°22’ 
Ho (adjusted) 21°23" 34°28’ 
He 22°00’ 34°09’ 
a 37 A 19 T 


Answer.—2230 fix: L 50°36’ N, \ 72°41’ W. 
Note that the same lines of position are obtained if each AP is advanced graphically 
for the motion of the aircraft between the time of sight and 2230. 
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2009. Observed altitude (Ho) and sextant altitude (hs).—In all of the examples 
of this chapter it has been assumed that observed altitude (Ho) is available. This 
value is generally found by applying certain corrections to sextant altitude (hs), the 
value read directly from the sextant. These corrections are discussed in chapter 
XXI. Without them the solution is incomplete. 

2010. Selecting the time of a fix.—Some work can be avoided by using a little 
foresight in selecting a time for which a fix is to be plotted. Thus, if a change of course 
or speed is scheduled, all sights for a fix should be completed before the change is 
started, or not begun until the change is completed. If a change of course or speed is 
made between sights for a fix, the change should be allowed for in the advancing or re- 
tiring of the lines of position. If a sight is in progress during the change, inaccurate 
results will be obtained. 

Normally, the time of the fix is considered the time of the middle sight, or the 
time of the last sight. It is good practice to schedule a fix on the hour or half hour or 
at the effective time of a routine weather or position report, advancing or retiring all 
LOP’s to that time. 

When using H.O. 249, volume I, it is convenient to schedule observations 4™ 
apart, in which case only one computation of LHAT is needed, preferably that of 
the middle sight. If the sextant has a 2-minute averaging device, the mid time of the 
observation is used. Thus, if a fix is desired at 0900, a 4™ schedule may be as follows: 


Start first sight 0855 
Mid time first sight 0856 
Complete first sight 0857 
Start second sight 0859 
Mid time second sight 0900 (fix) 
Complete second sight 0901 
Start third sight 0903 
Mid time third sight 0904 
Complete third sight 0905 


When sights are taken at irregular intervals, it is sometimes convenient to adjust 
them all to some common time, as the nearest half hour or hour, as in example 3 of 
article 2008. This practice should not be used if the time selected for the fix is more 
than a few minutes before the first sight or a few minutes after the last sight. 

2011. Computation form.— Numerous forms have been devised for recording and 
computing celestial lines of position. However, the requirements of a particular situa- 
tion are so varied that complete uniformity is difficult of achievement. The form 
shown in figure 2011, developed by Military Air Transport Service, is a complete and 
convenient arrangement which can be used or modified to fit individual needs. The 
figures shown on this form are compatible with those in figure 727, Navigator’s Flight 
Log. Space is provided for recording other navigational data. The 0530 Capella 
observation is a compass check on the pilot’s (P) and navigator’s (N) compasses (chap. 
XXV). Several loran readings are shown (chap. XIII) as are three RDF bearings (chap. 
XI) on Ocean Station Vessel “Uncle”? (OSV “U’’) and a radar bearing and range (chap. 
XII) on Farallon Island. Bellamy drift (chap. XV) was obtained hourly. 
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FicurRE 2008c.—Plot of example 3, article 2008. 
Solution (fig. 2008c).— 
Moon Jupiter 
ZT 2252:37468 222 752° 
Zn 174° 069° 
TC 010° 010° 
Diff. 164° 059° 
table I-A (47) (—)20’ I-A (4™) (+)11’ 
I-B (2714°) (—)11’ I-B (2708°) (+ )6’ 
Ho 21°54’ 34°22’ 
Ho (adjusted) 21°23" 34°28’ 
He 22°00’ 34°09’ 
a 37 A 19 T 


Answer.—2230 fix: L 50°36’ N, \ 72°41’ W. 
Note that the same lines of position are obtained if each AP is advanced graphically 
for the motion of the aircraft between the time of sight and 2230. 
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2009. Observed altitude (Ho) and sextant altitude (hs).—In all of the examples 
of this chapter it has been assumed that observed altitude (Ho) is available. This 
value is generally found by applying certain corrections to sextant altitude (hs), the 
value read directly from the sextant. These corrections are discussed in chapter 
XXI. Without them the solution is incomplete. 

2010. Selecting the time of a fix.—Some work can be avoided by using a little 
foresight in selecting a time for which a fix is to be plotted. Thus, if a change of course 
or speed is scheduled, all sights for a fix should be completed before the change is 
started, or not begun until the change is completed. If a change of course or speed is 
made between sights for a fix, the change should be allowed for in the advancing or re- 
tiring of the lines of position. If a sight is in progress during the change, inaccurate 
results will be obtained. 

Normally, the time of the fix is considered the time of the middle sight, or the 
time of the last sight. It is good practice to schedule a fix on the hour or half hour or 
at the effective time of a routine weather or position report, advancing or retiring all 
LOP’s to that time. 

When using H.O. 249, volume I, it is convenient to schedule observations 4™ 
apart, in which case only one computation of LHAT is needed, preferably that of 
the middle sight. If the sextant has a 2-minute averaging device, the mid time of the 
observation is used. Thus, if a fix is desired at 0900, a 4™ schedule may be as follows: 


Start first sight 0855 
Mid time first sight 0856 
Complete first sight 0857 
Start second sight 0859 
Mid time second sight 0900 (fix) 
Complete second sight 0901 
Start third sight 0903 
Mid time third sight 0904 
Complete third sight 0905 


When sights are taken at irregular intervals, it is sometimes convenient to adjust 
them all to some common time, as the nearest half hour or hour, as in example 3 of 
article 2008. This practice should not be used if the time selected for the fix is more 
than a few minutes before the first sight or a few minutes after the last sight. 

2011. Computation form.—Numerous forms have been devised for recording and 
computing celestial lines of position. However, the requirements of a particular situa- 
tion are so varied that complete uniformity is difficult of achievement. The form 
shown in figure 2011, developed by Military Air Transport Service, is a complete and 
convenient arrangement which can be used or modified to fit individual needs. The 
figures shown on this form are compatible with those in figure 727, Navigator’s Flight 
Log. Space is provided for recording other navigational data. The 0530 Capella 
observation is a compass check on the pilot’s (P) and navigator’s (N) compasses (chap. 
XXV). Several loran readings are shown (chap. XIII) as are three RDF bearings (chap. 
XI) on Ocean Station Vessel ‘Uncle’ (OSV “U’’) and a radar bearing and range (chap. 
XII) on Farallon Island. Bellamy drift (chap. XV) was obtained hourly. 
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Fraure 2011.—Computation form used by Military Air Transport Service. 
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SIGHT REDUCTION 497 
Problems 


2002a. Required—For zone time 3°14"27* on 20 June 1955 at the following 
longitudes find the local hour angle and declination of the sun: 


Answers 
Longitude LHA d 
87°17’ W 231°01’ 23°26’ N 
87°17’ EB 225°37’ 23°26’ N 
179°59’ W 228°18’ 23°26’ N 
179°59’ E 228°20’ 23°25’ N 


2002b. Given.—A navigator observes the sun on 20 June 1955 at watch time 
11552™18* am, watch error 14° slow on zone time, DR position L 47°31’ S, \ 7°42’ E. 

Required.—Local hour angle, meridian angle, and declination (1) at the DR posi- 
tion, (2) at an assumed position nearest to the DR position at which latitude and LHA 
are both whole degrees. Give latitude and longitude of AP. 

Answers.—(1) LHA 350°31’, t 9°29’ E, d 23°26’ N; (2) LHA 351°00’, t 9°00’ E, 
d 23°26’ N, aL 48°00’ S, ad 8°11’ E. 

2003. Required.—If the DR position of an aircraft at ZT 11°17™25* on 19 June 
1955 is L 57°10’ N, A 127°32’ W, find LHA and d of the moon, using an assumed position 
as for H. O. 249. Give coordinates of AP. 

Answers.—LHA 2°00’, d 23°34’ N; aL 57°00’ N, ad 127°10’ W. 

2004a. Given.—The DR longitude of an observer is 127°18’ W. 

Required.—LHA, t, d, and ad for the following, selected such that the LHA is a 
whole degree: 

Answers 
Body GMT Date LHA t d an 
Venus 822™178 19 June 1955 199°00’  161°00’ E 20°36’ N= 127°44’ W 
Saturn  21°08™06° 20 June 1955 235°00’ = 125°00’ EB 14°04’S~ 126°55’ W 


2004b. Required.—Convert the following local hour angles to meridian angles: 


LHA Answers 
22° 22° W 
246° 114° E 
179° 179° W 
181° 179° E 
349° 11° E 
180° 180° E or W 
2004c. Required.—Convert the following meridian angles to local hour angles. 
t Answers 
14° KB 346° 
14° W 14° 
67° E 293° 
128° E 232° 
97° W 97° 


0° 0° 
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2004d. Required.—Convert the following Greenwich hour angles and longitudes to 
local hour angles suitable for use with reduction tables requiring whole degrees of LHA. 
Record assumed longitudes. 


Answers 

GHA r LHA an 
142°12’ 87°17’ W 55°00’ 87°12’ W 

35°56’ =—s- 87°17’ W 309 °00’ 86°56’ W 
247 °27’ 19°15’ E 267 °00’ 19°33’ E 
142°59’ 167°30’ W 335°00’ 167°59’ W 
142°59’ 167°28’ W 336°00’ 166°59’ W 
336 °35/ 12°54’ EB 349 °00’ 12°25’ E 
286°42’ 174°49’ E 102°00’ 175°18’ E 


2005. Required.—F ind the local hour angle, meridian angle, and declination 
of the following stars on 19 June 1955, at an assumed position near L 18°24’ N, A 
127°06’ W, for GMT 10°12™02°. 


Answers 
Body LHA t d 
Deneb 343 °00’ 17°00’ E 45°07’ N 
Arcturus 79°00’ 79°00’ W 19°25’ N 
Dubhe 128 °00’ 128°00’ W 62°00’ N 
Vega 14°00’ 14°00’ W 38°45’ N 
Alphard 151°00’ 151°00’ W 8°28’ S 
Capella 214°00’ 146°00’ E 45°57’ N 
Sirius 192°00’ 168°00’ E 16°39’ S 


2007a. Reguired.—For a DR position L 76°04’ N, \ 22°15’ W, and a suitable 
assumed position for use with H.O. 249, volume I, find LHAT if GHAT is 223°17’. 

Answer.—_LHA YT 202°. 

2007b. Required.—If the latitude is 30°00’ N, find He and Zn of the stars Rasal- 
hague and Vega for a longitude at which LHAT is 202°00’ and 308°00’, using H.O. 
249, volume I. 


Answers 
LHAT Rasalhague Vega 
202° He 31°04’ Zn 093° He 27°49’ Zn 059° 
308° He 45°08’ Zn 257° He 64°32’ Zn 298° 
2007¢c. Given.—On 18 June 1955, a navigator observes three stars as follows: 
Spica Antares Rasalhague 
ZT 19°27™428 19°30™008 19°34™56° 
Ho 49°15’ 19°32’ 32°04’ 


The DR position is L 29°52’ N, » 42°05’ W; TC 230°; PGS 180K. 
Required.—(1) Altitude difference, (2) azimuth, (3) assumed position for each 
star, (4) the 1930 fix. 


Answers .— 
Spica Antares Rasalhague 
(1) a 11 T 15 T 8 T 
(2) Zn 180° 138° 094° 
(3) al, 30°00’ N 30°00’ N 30°00’ N 
ar 42°19’ W 41°53’ W 42°07’ W 


(4) 1930 fix: L 29°44’ N, 4 41°46’ W 
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2007d. Given.—On 20 June 1955 the navigator of an aircraft westbound from 
Port Lyautey estimates his 0200 position to be L 29°44’ N, 32°46’ W. In prepara- 
tion for an hourly position report he takes a series of star sights at 4™ intervals as 


follows: 


Watch Observed 

Body time altitude 
Arcturus 15557178 17°21" 
Antares 1°59™178 17°14’ 
Altair 25037178 68°38’ 


Watch error 43° slow on zone time, TC 295°, PGS 220K. Use table I-A. 


Required.—(1) LHA T for Antares sight, (2) a and Zn for each star, (3) the 0200 fix. 
Answers.—(1) LHA T 295° 


Arcturus Antares Altair 
(2) a 9 T 8 T 2 T 
Zn 283° 224° 177° 


(3) 0200 fix: L 29°58’ N, \ 32°47’ W 


2008a. Given.i—On 19 June 1955 a navigator observes three celestial bodies for 
a fix as follows: 


Observed 
Watch time Body altitude 
18504718" Jupiter 18°50’ 
18°11™105 Saturn 45°26’ 
18"15™228 Denebola 45°41’ 


Watch error 1™10* fast on (—) 3 zone time, TC 050°, PGS 380K; 1810 DR position L 
29°42’ S, \ 43°30’ E. The LOP’s are adjusted to 1810 using tables I-A and I-B. 


Required.—(1) LHA and d of the bodies, (2) assumed positions, (3) adjusted Ho 
of the bodies, (4) altitude differences and azimuths, (5) the 0530 fix. 


Answers.— 
Jupiter Saturn Denebola 
LHA 53°00’ 315°00’ 2°00’ 
d 20°23’ N 14°04’S 14°49’ N 
aL 30°00’ S 30°00’ S 30°00’ S 
ar 43°49’ EB 43°53’ E 43°05’ EB 
Ho (adj.) 18°44’ 45°26’ 45°28’ 
a 22 T 15 A 16 T 
Zn 308° 079° 357° 


0530 fix: L 29°43’ S, \ 43°32’ E. 


2008b. Given.—At about GMT 2330 on 18 June 1955 the navigator of an aircraft 
flying on TC 045°, PGS 180K, observes the moon and Markab as follows: 


Observed 

Body GMT altitude 
Moon 23°23"32° (—) 3°56’ 
Markab 23°28™158 45°06’ 


DR position: L 29°52’ S, \ 90°00’ E. 


Required.—The GMT 2330 fix. 
Answer.—2330 fix: L 29°46’ S, \ 90°24’ E. 
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2004d. Required.—Convert the following Greenwich hour angles and longitudes to 
local hour angles suitable for use with reduction tables requiring whole degrees of LHA. 
Record assumed longitudes. 


Answers 

GHA r LHA anr 
142°12’ = 87°17’ W 55°00’ 87°12’ W 
35°56’ s_—- 87°17’ W 309°00’ 86°56’ W 
247 °27’ 19°15’ EB 267 °00’ 19°33’ E 
142°59’ 167°30’ W 335°00’ 167°59’ W 
142°59’ 167°28’ W 336°00’ 166°59’ W 
336 °35/ 12°54’ E 349 °00’ 12°25’ E 
286°42’ 174°49’ E 102°00’ 175°18’ E 


2005. Required.—Find the local hour angle, meridian angle, and declination 
of the following stars on 19 June 1955, at an assumed position near L 18°24’ N, A 
127°06’ W, for GMT 10°127028. 


Answers 
Body LHA t d 
Deneb 343 °00’ 17°00’ E 45°07’ N 
Arcturus 79°00’ 79°00’ W 19°25’ N 
Dubhe 128 °00’ 128°00’ W 62°00’ N 
Vega 14°00’ 14°00’ W 38°45’ N 
Alphard 151°00’ 151°00’ W 8°28’ S 
Capella 214°00’ 146°00’ E 45°57’ N 
Sirlus 192°00’ 168°00’ E 16°39’ S 


2007a. Reguired.—For a DR position L 76°04’ N, dX 22°15’ W, and a suitable 
assumed position for use with H.O. 249, volume I, find LHAY if GHAT is 223°17’. 

Answer.—LHA YT 202°. 

2007b. Required.—lIf the latitude is 30°00’ N, find Hc and Zn of the stars Rasal- 
hague and Vega for a longitude at which LHAT is 202°00’ and 308°00’, using H.O. 
249, volume I. 


Answers 
LHAT Rasalhague Vega 
202° He 31°04’ Zn 093° He 27°49’ Zn 059° 
308° Hc 45°08’ Zn 257° He 64°32’ Zn 298° 
2007c. Given.—On 18 June 1955, a navigator observes three stars as follows: 
Spica Antares Rasalhague 
ZT 19°27™42° 19°30™700° 19°34™56° 
Ho 49°15’ 19°32’ 32°04’ 


The DR position is L 29°52’ N, \ 42°05’ W; TC 230°; PGS 180K. 
Required.—(1) Altitude difference, (2) azimuth, (3) assumed position for each 
star, (4) the 1930 fix. 


Answers .— 
Spica Antares Rasalhague 
(1) a 11 T 15 T 8 T 
(2) Zn 180° 138° 094° 
(3) al. 30°00’ N 30°00’ N 30°00’ N 
ar 42°19’ W 41°53’ W 42°07’ W 


(4) 1930 fix: L 29°44’ N, \ 41°46’ W 
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2007d. Given.—On 20 June 1955 the navigator of an aircraft westbound from 
Port Lyautey estimates his 0200 position to be L 29°44’ N, \ 32°46’ W. In prepara- 
tion for an hourly position report he takes a series of star sights at 4™ intervals as 


follows: 


Watch Observed 

Body time altitude 
Arcturus 17557174 17-21" 
Antares 15597178 17°14’ 
Altair 2503™175 68°38’ 


Watch error 43° slow on zone time, TC 295°, PGS 220K. Use table I-A. 


Required.—(1) LHA Y for Antares sight, (2) a and Zn for each star, (3) the 0200 fix. 
Answers.—(1) LHA T 295° 


Arcturus Antares Altatr 
(2) a 9 T 8 T 27 
Zn 283° 224° 177° 


(3) 0200 fix: L 29°58’ N, » 32°47’ W 


2008a. Given.—On 19 June 1955 a navigator observes three celestial bodies for 
a fix as follows: 


Observed 
Watch time Body altitude 
185047188 Jupiter 18°50’ 
185117108 Saturn 45°26’ 
18515™225 Denebola 45°41’ 


Watch error 1™10° fast on (—) 3 zone time, TC 050°, PGS 380K; 1810 DR position L 
29°42’ S, \ 43°30’ E. The LOP’s are adjusted to 1810 using tables I-A and I-B. 
Required.—(1) LHA and d of the bodies, (2) assumed positions, (3) adjusted Ho 
of the bodies, (4) altitude differences and azimuths, (5) the 0530 fix. 
Answers.— 


Jupiter Saturn Denebola 
LHA 53°00’ 315°00’ 2°00’ 
d 20°23’ N 14°04’S 14°49’ N 
aL 30°00’ S 30°00’ S 30°00’ S 
anr 43°49’ BE 43°53’ E 43°05’ E 
Ho (adj.) 18°44’ 45°26’ 45°28’ 
a 22 T 15A 16 T 
Zn 308° 079° 357° 


0530 fix: L 29°43’ S, \ 43°32’ E. 


2008b. Given.—At about GMT 2330 on 18 June 1955 the navigator of an aircraft 
flying on TC 045°, PGS 180K, observes the moon and Markab as follows: 


Body 
Moon 


Markab 
DR position: L 29°52’ S, \ 90°00’ E. 


Required —The GMT 2330 fix. 
Answer.—2330 fix: L 29°46’ S, \ 90°24’ BE. 


GMT 


23°23 ™325 
23°28™158 


Observed 
altitude 


(—) 3°56’ 


45°06’ 


CHAPTER XXI 
SEXTANT 


Introduction 


2101. Need for instrument.—Chapter XVII discussed the solution of a naviga- 
tional triangle whose angles are the meridian angle, the azimuth angle, and the paral- 
lactic angle and whose sides are the colatitude, the codeclination (polar distance), and 
the coaltitude (zenith distance). Article 1712 explained the method of plotting a 
celestial line of position by comparing the computed altitude of a body at an assumed 
position with the observed altitude. Observation of the altitude is customarily made 
by means of a sextant. 

Refer to figure 2101. The circle NZS is the celestial meridian. The circle NmS is 
the celestial horizon of an observer at O, Z is his zenith, and ZM/m is a vertical circle 


Fiaure 2101.—The altitude (h) of a body M above the celestial horizon NmS is the complement of 
its zenith distance (2). 


through the position M of a celestial body. The altitude and zenith distance of the 
body are respectively the angles at O subtended by the complementary ares Adm and 
MZ. Reduction tables are usually designed to yield the altitude (are A4m), but since 
AMZ is the complement of A¢m, cither the altitude or zenith distance can be utilized. 
An instrument might measure either angle h or z, depending upon whether the hori- 
zontal or vertical is available as a reference. In marine navigation the visible horizon 
is used as the reference, and in air navigation an artificial horizon, the force of gravity 
acting upon a bubble, is generally used. (See art. 2122.) 
500 
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Horizontai 





FiGuRE 2102a.—An elementary bubble sextant using artificial horizon. 


2102. Bubble sextants.—A bubble 
sextant can be compared to an ordi- 
nary carpenter’s level on which a pro- 
tractor and straightedge have been 
mounted (fig. 2102a). If the bubble 
is in the middle of its chamber, the 
long axis of the level is horizontal, or 
parallel to the celestial horizon (art. 
1704). Ifthe straightedge is pointed 
at a star, the protractor will indicate 
the altitude of the star above the 
celestial horizon. The bubble thus 
becomes an artificial horizon. The 
usual type of bubble sextant is con- 
structed on this basic principle, with 
the addition of suitable refinements 
and accessories. 

The optical system of a typical 
bubble sextant is shown in figure 
2102b. The light from a celestial eee er 
body is reflected by a rotatable index 


pr ism through an objective lens which Ficgure 2102b.—The optical system of a typical bubble 
brings the rays to a focus within the sextant. 
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instrument. The bubble chamber is placed in the focal plane so that the image of 
the bubble appears in the same field as the image of the celestial body. In the 
measurement of an altitude, the index prism is moved until the image of the body 
is adjacent to that of the bubble. The altitude is then read from the sextant scale. 


Mark 5 bubble sextant 


2103. The instrument shown in figure 2103 is a device capable of measuring the 
altitude of a celestial body by reference to either a self-contained artificial horizon or 
the natural horizon. 

The optical system consists essentially of a prismatic telescope system with two 
movable prisms ahead of the objective lens: an index prism whose angular movement 
can be measured, and a horizon prism which can be inserted or removed at will from 
the optical path of the instrument. The index prism reflects light rays from the object 
observed into the telescope system. If the sextant is set at zero reading, the sextant 
functions as a telescope having a magnification of two diameters and a visual field 
of 12°. If the horizon prism is in the optical path, the image from the index prism 
at zero setting should coincide with that from the horizon prism as seen through 
the eyepiece. If the line of sight is held on the natural horizon, using the horizon 
prism, objects elevated above the horizon can be brought into view by rotating the 
index prism. If the image of a body is brought into coincidence with the image of the 
horizon, the reading of the scales is the altitude of the body above the natural (visible) 
horizon. 

Shade glasses.—The sextant is provided with light filters of various densities and 
colors to reduce the glare of the sun. These are mounted on the shade glass assembly 
(see fig. 2103), which can be rotated until the filter giving the greatest visual comfort 
is in the optical path. A polarizing filter can be inserted in the eyepiece tube to reduce 
glare from clouds or from water when using the natural horizon. 

Astigmatizer.—The image of a bright star normally appears as a point of light when 
viewed through the eyepiece. When the astigmatizer is inserted in the optical path, 
the point of light is drawn out to a line. 

2104. Artificial horizon.—The bubble cell (fig. 2102b) is permanently located in 
the optical path at the principal focus of the objective lens. The top of the bubble 
cell is the field lens of the eyepiece system, while the bottom is a flat plate of glass. 
The earth’s gravitational field forces the bubble to the highest point in the cell. When 
the bubble is seen to be in the center of the field, the instrument is horizontal; that is, 
light passing through the horizon prism, or the index prism at zero setting, is horizontal. 
The bubble, therefore, is an artificial horizon. If the index prism is rotated until the 
image of a celestial body is seen adjacent to the bubble at the center of the field, the 
reading of the altitude scales is the altitude of the body. 

It is not necessary that the two images be held exactly in the center of the field, 
since the bottom of the field lens in the bubble chamber has a curvature such that the 
bubble will move the same distance as the image of the body, if the sextant is tipped 
slightly. However, coincidence should take place near the vertical center line of the 
field. Coincidence obtained near the top or bottom of the center line is accurate, but 
when obtained near the right or left edge may be in error by as much as several minutes. 

Forming the bubble.—If no bubble is seen through the eyepiece, the bubble chamber 
adjustment screw (fig. 2103) is turned in a clockwise direction. This retracts a flexible 
diaphragm in the bubble chamber, reducing the pressure on the liquid (xylene) which 
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completely fills the bubble chamber and cell. When the vapor tension of the liquid is 
greater than the pressure, a bubble of vapor forms. This is usually accompanied by a 
pronounced click. If the screw is turned counterclockwise after a bubble has formed, 
the increased vapor pressure causes the molecules of vapor in the bubble to re-enter the 
liquid, thus decreasing the size of the bubble. If difficulty is experienced in forming 
the bubble, the sextant should be tipped until the adjusting screw points downward 
about 45°. In this position, reducing and increasing the pressure on the bubble 
chamber several times will usually cause a bubble to form. To remove the bubble, 
turn the adjusting screw counterclockwise, putting increased pressure on the liquid. 
Gently shaking the instrument accelerates the absorption of the vapor bubble. The 
bubble should always be removed after all observations are completed and the sextant 
is to be stowed. 

After the bubble has been formed, its size can be regulated by turning the adjusting 
screw. ‘The correct size is largely a matter of personal preference. In general, however, 
the bubble should be from one-sixth to one-quarter the diameter of the field. This is three 
to four times the size of the sun as seen through the eyepiece. It should be small enough 
so that when the astigmatizer is used, the line will extend beyond the bubble. A bubble 
which is too small is sluggish and recovers slowly if displaced by acceleration. One 
that is too large is subject to excessive motion during observation and is difficult to 
align with the image of a body. A smaller bubble can be used with a star than with the 
sun or moon. 

The bubble appears to move across the circular field as the sextant is tipped left 
or right out of the vertical position, and up or down as the sextant is tilted backward or 
forward from the vertical. 

If altitude is to be measured accurately, the index prism must be adjusted to align 
the image of the star horizontally with the center of the bubble. The alignment should 
take place near the vertical center line, as stated above. Some navigators prefer to 
use the astigmatizer for observations of the sun, planets, and brighter stars, bisecting 
the bubble horizontally by the astigmatized line. This feature should be used with 
caution in moon sights unless the moon is full. 

When the astigmatizer is not used, the image of the body should be centered with the 
bubble, as shown in figure 2104a. When 
the moon is observed in the crescent or 
gibbous phase, allowance should be made 
for the dark portion, avoiding the tendency 
to center only the illuminated part. If this 
precaution is not followed, a considerable 
error may be introduced in the measured 
altitude, as indicated in figure 2104b. An 
observer who finds it difficult to estimate 
accurately the center of the moon may ob- 
tain better results by keeping the upper 
or lower limb at the center of the bubble 
during observation, and applying a correc- 
tion for semidiameter, as with observa- 
tions using the visible horizon. 

2105. Altitude scales.—The altitude of 
a body is read from two scales, the main 
scale and the micrometer scale. The main 





Figure 2104a.—The images of the bubble and 2 
body are centered in the field. scale is graduated for each 5° from (—)10 
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to 100°, although the maximum reading 

that can be made is a little more than 

95°, The micrometer scale is graduated 

for each 2’ and can be read to 1’ by 

visual interpolation. One complete turn 

of the micrometer drum (fig. 2103) is 

equivalent to 5°. The scale on the 

micrometer drum serves as a vernier to 

the main scale. Thus, if the micrometer ae 2104b.—A considerable error may be intro- 
uced if only the illuminated portion of the moon 

scale reads 4°28’ and the next lower Se eenteced: 

mark on the main scale is 30°, the angle 

measured is 34°28’. If the next lower mark is 35°, the angle is 39°28’. 

The rotation of the micrometer drum, and hence the index prism, is limited to a 
little more than 21 turns, by intermediate stop washers (fig. 2103) which engage with 
each other in succession. 

2106. Averaging device.—Celestial observations taken in flight are subject to 
random errors due to inaccurate setting of the instrument and unsteadiness of the 
bubble resulting from acceleration of the aircraft about or along any of its axes. The 
latter, called acceleration error, is caused by (1) changes in ground speed, (2) changes 
in direction of motion, (3) the normal oscillation of the aircraft in pitch, roll, and 
yaw, and (4) the superimposed erratic motion due to atmospheric turbulence. Because 
of these errors single sights may be unreliable, and it is usually desirable that a con- 
siderable number of observations be averaged. The Mark 5 bubble sextant can 
be used either for single observations or for averaging 60 separate observations taken 
during a 2-minute period. The normal oscillations of an aircraft about each axis re- 
ferred to in (3) above, are the long-period oscillations resulting from the response of the 
aircraft to its individual static-stability characteristics. They are essentially sinusoidal 
in character but are difficult to detect or measure without claborate equipment. The 
amplitude of the oscillation in pitch, sometimes referred to as phugoid oscillation, may 
be as much as 15’ to 20’. It involves a variation in speed and altitude with little or 
no change in horizontal acceleration. The amplitude of the oscillation in roll is be- 
lieved to be approximately the same as in pitch, but somewhat less in yaw. 

The oscillation period for large aircraft is approximately 40° or 50°. If it is 40°, 
the fixed, 2-minute averaging pcriod of the Mark 5 sextant coincides with three oscil- 
lations and the effect is averaged out. If the fixed observing period includes more 
than an integral number of oscillations, an error is introduced which depends upon 
(1) the amount of the excess, and (2) the phase at the start of the observation. 

The observing period of the periscopic sextant (art. 2109) is variable up to two 
minutes so that it can be made to coincide with the phugoid oscillations of the air- 
craft, if known. 

The averaging device averages successive positions of the index prism within a 
range of 14° above a selected base value. The base value is established below the 
altitude to be observed, at a multiple of 10°. If a body is to be observed at an altitude 
of approximately 36°, the base is set at 30° so that the operating range falls within 
the 14° averaging range. If the body is at an altitude of approximately 41°, the 
base is still 30°, since individual observations may differ from the average by more 
than 1°. Beyond 42° the base would be set at 40°. Thus, an operating range of 2° 
is available on each side of the altitude being observed. 





506 SEXTANT 


Operation of averaging device.—Referring to figure 2103, lever 1 is connected to a 
clutch by which the averaging mechanism can be disconnected from the micrometer 
(scale) drum. When lever 1 is pressed to the right against a spring, the clutch is dis- 
engaged and the micrometer (scale) drum (and consequently the index prism) can be 
moved through its full range independently of the averaging mechanism. Lever 1 is 
retained in position by lever 2. When lever 2 is pressed, releasing lever 1, a spring 
forces the two halves of the clutch together, and as the micrometer drum is turned, a 
spline on the movable half of the clutch drops into a notch on the other half. The 
micrometer drum is now connected to the averaging device. 

The averaging device is driven by clockwork mechanism in the base of the sextant. 
The mainspring of this mechanism is wound by a winding key on the bottom of the 
sextant. The clockwork is started by pressing a starting lever (3) and operates for 2 
minutes. The spring must be rewound before each sight if the averaging device is to 
be used. The starting lever (3) is locked until the spring is fully wound. Completion 
of the winding operation also withdraws a shutter from the optical path. The shutter 
is returned after 2 minutes operation of the timing mechanism, indicating the end of 
the observation period. The clockwork mechanism must be completely wound even if 
the sextant is to be used for single sights; otherwise the shutter obstructs the optical 
path. 

During the averaging period, the image of the body observed is held as closely as 
possible in coincidence with the horizon (natural or bubble) by moving the micrometer 
drum. Every 2 seconds (or 60 times during the 2-minute period) % of the difference 
between the base value and the instantaneous setting of the micrometer scale is added 
to the counter dials (fig. 2103). The average altitude during the 2-minute period is 
the sum of the base value (multiple of 10°) and the counter reading. For example, if 
the base value is established at 20° and the micrometer drum reading is 5°, the reading 
of the sextant average is 20°+5°=25°. The counter dials should be reset to zero 
before each observation. 

When the base value is more than 10° below the average reading, care should be 
used in interpreting the dial reading, since dials do not read to greater than 9°59’. 
Thus, if the approximate altitude is 51°, the base value is normally established at 40°. 
If the counter dial reads 1°17’ at the end of the cycle, the average altitude is 40°+ 
11°17’=51°17’. The average reading should normally be within 2° of the final 
reading of the main scale. In this example the main scale reads just over 50° at the 
end of the observing period. 

2107. Making an observation.—The following steps are involved in making an 
observation with a Mark 5 bubble sextant, using the bubble feature: 

(1) Wind the clockwork by turning the winding key counterclockwise as far as it 
will go. 

(2) Form the bubble and adjust its size. 

(3) Press lever 2, connecting the averaging device. 

(4) Rotate the micrometer drum clockwise (decreasing readings) until it stops. 
This positions the clutch so that the base value will be established at the next lower 
multiple of 10°. 

(5) Without moving the micrometer drum, press lever 1, disconnecting the averaging 
device. 

(6) Set the counter dial to zero. 

(7) Set the sextant to the approximate altitude to be measured. This value may 
be determined by preliminary observation, by computation, or by means of a star finder. 
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If the sun is to be observed, introduce suitable shade glasses. Focus the eyepiece if 
necessary. 

(8) Check the horizon prism lever and the astigmatizer lever to see that they are 
in the desired positions. 

(9) If a 2-minute average is to be taken, establish the base value by pressing lever 
2, connecting the averaging device, and rotate the micrometer drum clockwise to the 
stop. This should occur at the next lower multiple of 10° on the main scale. Be sure 
that this rotation is at least 2° on the micrometer scale; otherwise the lower limit of the 
averaging range may be encountered during the observation, rendering it useless. This 
is particularly important if the altitude is decreasing. If there is less than 2° between 
the preliminary sight and the base value, the base value should be re-established at the 
next smaller multiple of 10°. 

(10) Bring the image of the celestial body in alignment with the bubble, near the 
center of the field and press lever 3, noting the time or having an assistant doso. Main- 
tain coincidence until the shutter obstructs the optical path after 2 minutes. 

(11) Read the average altitude as the sum of the main scale and counter dial. 
Use the middle time of the observation, 1 minute later than the time of starting. 

If a single observation is to be made, the following steps are involved: 

(1) Wind the clockwork by turning the winding key counterclockwise as far as it 
will go. 

(2) Form the bubble and adjust its size. 

(3) Press lever 1, disengaging the averaging device. 

(4) If the sun is to be observed, introduce suitable shade glasses. Focus the 
eyepiece if necessary. 

(5) Bring the image of the celestial body into alignment with the bubble, near the 
center of the field. 

(6) Note the time and read the altitude as the sum of the main scale and the 
micrometer scale readings. 

With practice, the entire preparation for making an observation can be performed 
in a few seconds. When taking sights at 4-minute intervals (art. 2007, example 3), an 
experienced navigator finds no difficulty in reading the sextant and preparing it for the 
next observation in the 2 minutes between the ending of one observation and the be- 
ginning of the next, even though a new base value must be set. It is wise to acquire 
enough familiarity with the sextant so that the various controls can be manipulated 
in total darkness. 

The clockwork mechanism should always be permitted to run down after all 
observations are completed and the sextant is to be stowed. 

2108. Additional features.—To permit observation at night, the bubble is illu- 
minated by a ring of luminous paint, and small electric lights are provided to illumi- 
nate the various dials. 

A spring clip to hold a stop watch is attached under the counter dials. If desired, 
the watch can be started at some convenient time and then placed in the clip with its 
stem adjacent to starting lever 3. When lever 3 is pressed to start the 2-minute ob- 
servation period, it also stops the watch, and the middle time of sight is the instant 
the watch was started plus the elapsed time as shown by the watch, plus 1 minute. 

To support the weight of the sextant during observations, a link is attached which 
can be engaged with a hook on a support arm installed in the astrodome. This reduces 
operator fatigue; tends to steady the instrument during observation; and keeps the 
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sextant centered in the astrodome, thus reducing error due to irregular astrodome 
refraction. 


Periscopic sextant 


2109. Introduction.—The astrodome through which celestial observations are 
made is undesirable for several reasons. By protruding above the skin of the aircraft, 
it creates drag which is increasingly objectionable as speeds become greater. Moreover, 
when it is used in a pressurized cabin at high altitudes, the pressure differential between 
the inside and outside air creates strain, sometimes causing rupture of the dome. Also, 
light is refracted in passing through the dome, necessitating an additional correction 
which cannot always be accurately determined. These disadvantages are avoided by 
using a periscopic sextant. 

2110. Sextant mount.—To accommodate the periscopic sextant, a mount (fig. 
2110) is affixed to the overhead of the aircraft. When the sextant is not in use, the 
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FicureE 2110.—A periscopic sextant and mount. 
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mount can be sealed by a shutter which is flush with the aircraft skin. When the 
sextant is to be used, the sealing shutter is drawn aside and the sextant extended so 
that the tip of the sighting tube is exposed 1% inches. An air lock prevents loss of 
pressure in a pressurized cabin. The sextant has a gimbal support whereby the navi- 
gator may compensate for variations up to 15° from normal aircraft attitude, and it is 
rotatable in azimuth through 360°. 

An independently rotatable compass rose, engraved in increments of \%° (in the 
latest model) is provided with a fixed index which can be aligned with the aircraft’s 
longitudinal axis to establish a lubber’s line. The direction of numbering the gradua- 
tions is opposite to that of a compass rose. Hence, when the true azimuth of an observed 
body is set at the lubber’s line and the sighting mechanism is aligned on that body, the 
true heading of the aircraft is indicated on the azimuth scale. A counter is synchronized 
with the rotatable scale for manual setting of true azimuth to a tenth of a degree. 
Provision is made for a synchro to position the scale in accordance with a signal from 
a remote compass computer. 

2111. The sextant.—The optical system of the sextant is a two-power telescope 
with a field of 15°, somewhat wider than that of most sextants, facilitating the loca- 
tion and identification of celestial bodies. The index prism in the top of the peri- 
scopic tube is rotatable about a horizontal axis to permit observations at any angle 
from (—)10° to (+ )92° in elevation. All glass-air surfaces are coated to minimize light 
losses caused by reflections. The eyepiece is adjustable in focus. Eight filter glasses 
are provided for selective use in the optical system, so that the intensity of the sun’s 
light can be adequately reduced. 

The sighting tube is filled with dry air and sealed to prevent condensation when 
the tip of the sextant is extended into cold air. Asa further precaution, a small amount 
of indicator silica gel is placed within the tube. Being visible through the objective 
window, it provides a warning of the presence of moisture. A sealed outer tube encases 
the optics tube and mechanism, thus protecting them from shock due to normal handling, 
and reducing the effects of changing temperature. 

The rotation of the index prism is controlled by a worm gear and sector in the 
body of the sextant, the motion being transferred through the periscopic tube by means 
of a rod and levers. These are controlled by a knob which turns the index prism at the 
rate of 5° per revolution. A counter indicating the altitude angle in degrees and 
minutes is geared to the drive shaft. 

The optical system is indicated in figure 2111. A reticle, consisting of vertical 
and horizontal lines indicating the center of the field, is placed at the focal plane of the 
erecting system, which coincides with the focal plane of the eyepiece system. 

The artificial horizon, consisting of an air reservoir bubble, is located at the top 
of the body of the sextant. Since the lens mount above the bubble chamber may 
prevent the entrance of sufficient daylight for direct illumination, artificial illumination 
is provided with controllable intensity. A real image of the bubble is formed at the 
focal plane of the telescope. The bubble may be formed and adjusted in size by means 
of a knob on the side of the chamber. The bubble floats on silicone, and its chamber 
is fully compensated for pressure and temperature changes encountered in normal 
operation. 

An optical system superimposes a small part of the azimuth scale on the same plane 
as that of the bubble, so that the magnified scale is visible in the eyepiece, together with 
the bubble, celestial body, and reticle. When the celestial body and bubble are brought 
together near the center of the field, the vertical reticle line acts as an index against the 
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(Courtesy Kollsman Instrument Corp. ) 
Figure 211i1.—The optical system of a periscopic sextant. 
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azimuth scale. The azimuth scale can be obscured by a shutter when true heading 
readings are not desired. 

Averaging is performed by a ball integrator which effects a continuous moving 
average over any observation period up to 2 minutes. This averager is very simple to 
use, a single lever setting and winding it. No other presetting of sextant or timing 
mechanism is necessary. Because it is continuously integrating altitude against 
elapsed time, it can be stopped at any time up to 2 minutes and the average altitude for 
the period of observation obtained at the end of the observation by recentering the 
averager indices by means of the altitude knob and reading the counter. A time dial 
graduated in seconds indicates the half tume of the observation, which indication is 
added directly to the time of start to give the middle time of the observation. At the 
end of 2 minutes of observation the averager trips a switch which inserts a shutter across 
the field of view. 

2112. Accuracy.— Altitudes can be measured with an instrument error of not more 
than 2 minutes of arc. The averager indicates the elapsed time of observation with an 
error of 1 second or less. 

2113. Lighting.—An on-off switch is provided on the mount. The illumination 
of the bubble and the azimuth scale is adjustable by means of a rheostat. No adjust- 
ment is provided to control the illumination of the mount counter, sextant counter, 
averager indices, or watch. Electrical connection is made from the aircraft’s power 
supply (28 volts) to the mount. A short connecting cable transmits the power between 
the mount and the sextant. 

2114. Operation.—lInsert the sextant into the mount with the arrows on the 
sighting tube and mount aligned, and turn the lower ring of the mount counterclockwise 
until the appropriate plunger locks it in the retracted position. 

Move the lever of the mount to the open position of the shutter and push the 
sextant up until it locks in its operating position. Connect the power supply to the 
mount and complete the electrical connection between the mount and the sextant. 
Check the lamps by turning the switch on the mount. 

Form the bubble and adjust it for proper size. To do this, look through the eye- 
piece and tilt the sextant until the notch in the bubble cell at the right side of the field 
appears at about the 2 o’clock position. Turn the knob on the bubble cell in the 
“Increase Bubble” direction. The bubble should then appear in the notch and can be 
adjusted until its apparent size is about one and one-half or two times the size of the 
image of the sun. If the size of the bubble cannot be sufficiently reduced before the 
adjustment knob has reached the limit of its travel, return the sextant to vertical and 
rotate the knob to its opposite limit. It can then be tilted again and the bubble size 
still further reduced. This pumping process should be repeated until the bubble is of 
the desired size. 

Set the approximate azimuth of the body on the mount azimuth scale at the 
lubber’s line on the mount, and the approximate altitude on the sextant counter. Since 
the true field of view of the sextant is 15°, a star finder or the sky diagrams of The Air 
Almanac are sufficiently accurate for this purpose. Then rotate the sextant until the 
true heading appears in the sextant field against the vertical line of the reticle. 

Depress the averager winding lever A (fig. 2114a) to remove the shutter from the field. 
Adjust the bubble illumination by the rheostat B, and the filters, if necessary. Bring the 
celestial body into coincidence with the bubble. During observation the images of the 
celestial body and bubble should be as nearly as possible at the center of the field, as 
indicated by the crossed reticle lines. At the start of an observation, depress knob C, 
releasing the averager. If it is desired to terminate the observation in less than 2 
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Figure 2114a.—Periscopic sextant controls. A, averager winding lever; B, bubble illumination rheo- 
stat; C, averager actuating knob; D, altitude knob; E, watch clip. 


minutes (see art. 2106), depress and then release knob C, dropping the shutter across the 
field and stopping the averager. 

To obtain the average altitude at the end of an observation, return the averager 
indices to zero (align the left drum index with the reference line) by means of the 
altitude knob D. If the difference between the initial and final altitude angles is too 
great, the index disappears from view and the small arrows on the indicator’s right drum 
will show the direction in which that drum must be rotated to indicate the average 
altitude, when the reference marks on the drum and window register. (See fig. 2114b.) 


FicurE 2114b.—Averager indices. To obtain mean altitude, turn altitude knob so that right 
hand indicator moves in the direction of arrow heads (1 or 2) until position 3 is attained. Time 
dial at left indicates that mean time of observation is 55* later than starting time. 





The resetting of the averager indicator automatically sets the mean altitude on 
the sextant’s counter, from which it can be read directly. The time dial of the averager 
indicates in seconds half the period of observation, which is added to the time of the 
start or subtracted from the time of the end of the observation to establish the mid 
time of the observation. A watch clip Fis provided to hold a timepiece. 

To use the sextant to check true heading, compute the azimuth of the body for 
the time and position of observation. It may be convenient to combine this with an 
altitude observation. Set the azimuth on the mount azimuth scale and rotate the 
sextant and its altitude knob until the selected body is centered with the bubble on 
the vertical reticle line. At the time for which the azimuth is computed, read the 
true heading on the azimuth scale at the vertical reticle. 
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Marine Sextant 


2115. Marine sextant.—The type instrument generally used by marine navigators 
is based upon the visible horizon as a horizontal reference and is hence limited in its 
use to those times when the horizon is clearly visible as a relatively sharp line. For 
this reason, principally, the instrument is seldom used by air navigators. 

An observation with this type sextant is made by bringing the image of the celestial 
body into coincidence with the visible horizon, by optical means. Figure 2115 shows 


T 
‘ea 
-" 





\a 
Kae 
10 


4, 7 l20 . 
j nN her 0 100 90 BO \yyys\si \e 
ra ! uh i)) \ 
. “ie 


. . } 
Lui to tili hts \ 





SS EeEEET 
ares 

oe 
To 


> 


Te Tii( pare P., 
PTT ceil 
g; 
« ‘,o 
| tips ‘ 4 


ie, 


\ 
\e 


Figure 2115.—A marine sextant. 


a modern marine sextant. The adjustable index arm is moved until the reflected image 
of the celestial body coincides with the horizon, and the altitude is then read on the 
arc and the micrometer drum. 

Because of the double reflection, the angle between the zero position of the index 
arm and its position when a reading is made is one-half of the altitude measured. 
Consequently, the scale of a true seztant is graduated to 120° but the actual length of 
the arc is 60° (one-sixth of a circle). The are of a true octant is 45° and is graduated 
to 90°, and that of a true quadrant is 90° and is graduated to 180°. The word “sextant’”’ 
is customarily applied to each of these instruments, and to those with arcs of other 
lengths. 
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Sextant Altitude Corrections 


2116. Observational errors.—Observations of celestial bodies are subject to 
various errors for which corrections should be made. These errors arise from condi- 
tions within or external to the instrument, and from the personal error and habits of 
the observer. 

The uncorrected altitude as measured by a sextant is called the sextant altitude 
(hs). After all corrections have been applied to a sextant altitude, the result is called 
the observed altitude (Ho). 

2117. Index correction (IC).—When a Mark 5 bubble sextant is in adjustment 
and the instrument is set for zero altitude, the image from the index prism coincides 
with the image from the horizon prism. If the instrument is horizontal, both images 
coincide with the center of the bubble. Alignment of the index and horizon prisms 
can be checked by setting the sextant at zero and observing a distant object through 
the eyepiece. The alignment is correct if the images of the object coincide. If 
adjustment for coincidence is necessary, the resulting scale reading is the index error. 
The object should be far enough away so that the parallax caused by the vertical 
distance between the two prisms is negligible. If the distance between the prisms is 
2 inches, and the object is only 100 feet away, the parallax is nearly 6’. A minimum 
distance of 1 mileisrecommended. The natural horizonor a star is convenient to use. 

A test stand and collimator are required to determine the index error of a periscopic 
sextant (art. 2109), since no horizon prism is provided. 

The index correction (IC) is the same numerically as the index error, but of opposite 
sign. Thus, if the scale reads (-+)3’ when the two images coincide, the index error 
is (+)3’ and the indez correction is (—)3’. Note that an index correction determined as 
described above 1s applied only to altitude observations in which the horizon prism is used. 

Determination of index error with respect to the bubble horizon is best accom- 
plished on a test stand equipped with an accurate collimator. If this is not available, 
a light or horizontal line more than 1,000 feet distant can be used if it is accurately 
leveled, preferably with a transit or surveyor’s level. The sextant is moved until the 
bubble is in the exact center of the field and is then clamped in this position. When 
the image of the object is aligned with the bubble, the scale reading should be 0°. 
If it is not, the scale reading is the index error with respect to the bubble. 

The index correction can be checked by 
making an observation, or series of observa- 
tions, of a celestial body from a known 
position. The difference between the sextant 
altitude corrected only for refraction (refrac- 
tion and parallax in the case of the moon) 
and the computed altitude 1s index correction 
plus any error in the observation. 

2118. Refraction (R).—When a ray of 
light passes from one medium to another 
of ditferent density, its direction is changed 
unless it is perpendicular to the surface 
between the two media. Thus, in figure 
is not refracted. Ray 2 making angle of 2118a, a ray 1 entering the denser medium 
incidence i with the normal makes angle of ong the normal to the surface maintains 
refraction r in the denser medium. a constant direction. However, if the ray 





FiGurE 2118a.—Ray 1 normal to the surface 


SEXTANT 515 


enters the denser medium at an angle to the normal, its direction is changed toward the 
normal. In the figure, when ray 2 enters the denser medium, its angle of refraction (r) 
is less than its angle of incidence (i). Note that these angles are measured to the 
normal, not to the surface. 

The relation between these angles depends upon the relative densities of the media 
and the frequency (color) of the light ray. It is given by Snell’s law 


sin 2 
———_-=N 
sin r 


where n is the index of refraction of the denser medium with respect to the less dense 
medium. With respect to vacuum, the refractive index of dry air to yellow (sodium) 
light is 1.0002765 and of water vapor is 1.0002500 under standard conditions. 

Figure 2118b shows a portion of the earth surrounded by the atmosphere, the 
density of which increases toward the earth. If a ray of light from a body M enters 
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FiGurRE 2118b.—A ray of light from a celestial body M entering the earth’s atmosphere at angle of 
incidence 7 is increasingly refracted (2 r) as air becomes more dense. To an observer at P the light 
appears to come from M’, always at a greater altitude. 


the atmosphere at an angle of incidence 2, it will be refracted in increasing amounts as 
atmospheric density increases. To an observer at P, its angle of refraction =r is the 
sum of all of the small increases accumulated as the ray passed through atmospheric 
layers of varying densities. To the observer it appears that the light instead of coming 
from M is coming from M’ on the tangent to the ray. Consequently, a subtractive 
correction must be made to measured altitude if the true altitude of the body is to be 
obtained. 

As indicated greatly exaggerated in figure 2118c, the accumulated refraction, and 
hence its correction, is maximum when the body is on the horizon and zero when it 
is at the zenith. 

The amount of refraction for light of definite frequency is given by a formula in- 
volving the density (temperature-pressure) distribution of the atmosphere, the radius 
and gravitational field of the earth, the height of the observer, and the altitude of the 
body. The correction for refraction is given for various heights and altitudes in a table 
on the inside back cover of The Air Almanac and in H.O. 249. The correction for re- 
fraction should be applied to all altitude observations. It is always algebraically 
subtracted from the sextant altitude. The tabulated values of altitude given by H.O. 
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FiGuRE 2118c.—Refraction is maximum when the body is on the horizon and zero when it is in the 
zenith. 


218 have been corrected for mean refraction at 5,000 feet. Adjustment for other alti- 
tudes is made by means of a tuble on the back cover of The Air Almanac (app. E), as 
explained in article 2304. 

The refraction table of The Air Almanac and volumes II and III of H.O. 249 in- 
cludes values for negative altitudes. The refraction corrections given are for standard 
temperatures at various heights, but provision is made for nonstandard temperatures. 
The refraction table of volume I of H. O. 249 is a simplified version suitable to the 
altitudes included in that volume. 

The vertical columns in the body of the more elaborate table are of the “critical’’ 
type. The columns headed fy, contain values for the normal refraction correction 
corresponding to the range of sextant altitudes (hs) shown in the vertical columns 
under the selected “height above sea level’’ (true altitude of the aircraft). If the tem- 
perature at flight level is greatly different from standard temperature at that level, 
R, is corrected by a factor (f) given in a supplementary table below the main table. 
The values of f correspond to the range of temperatures shown in the vertical columns 
appropriate to the “height above sea level.’’ For convenience a conversion table is 
provided which gives the temperature adjusted correction R= Ry) Xf. 

Example 1.—The flight altitude is 16,000 feet and the sextant altitude is 3°27’. 

Required.—Refraction correction if the temperature at flight altitude is (1) stand- 
ard, (2) (—)48° C. 

Solution.—(1) Enter the table, appendix E, with the nearest tabulated value of 
“height above sea level” (15,000 feet) and in the vertical column below find the range 
of sextant altitudes (4°00’— 3°20’) which includes the given hs (3°27’). The columns 
at the left or right of the main table headed Ry give the refraction correction (—8’) for 
normal conditions. 

(2) The standard temperature for 16,000 feet is (—)16°7 C (tab. 415a, ch. 
IV). To adjust the refraction correction for the given temperature enter the lower 
table with the flight altitude (16,000 feet) and find the temperature range (—46° to 
— 67°) which includes the given temperature (—48°). Opposite this range is the factor 
(f=1.2) by which the correction is to be multiplied. This can be done mentally or by 
using the table at the right which is entered with the unadjusted correction (—8’) and 
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the factor (1.2). The correction adjusted for temperature is (—)10’ which is subtracted 


algebraically from the sextant altitude. 
Answers.—(1) R(—)8’, (2) R(—)10’. 


Example 2.—At 33,000 feet the sextant altitude of the sun is (—)2°28’ and the 


temperature at flight altitude is (—)22° C. 


Required.—(1) Correction for refraction, (2) sextant altitude corrected for refraction. 


Solution.— 
Normal correction (— )40’ 
Factor x0.9 
(1) Correction (—)36/ 
hs (—)2°28’ 
(2) Corrected altitude (—)3°04’ 


2119. Dip (D).—As explained in article 1704, the visible horizon is different from 
the celestial horizon to which all altitude computations are referred. Hence, if the 
altitude of a celestial body 1s measured above the visible horizon, the results should be ad- 
justed for the depression of the horizon. This correction, called the correction for height 
of eye, correction for dip of the horizon, or simply dip (D), given in a critical type table 
on the outside back cover of The Air Almanac, is subtracted from the sextant altitude. 

The nature of the dip correction is 
shown in figure 2119, in which the eye of an 
observer is at P at a height of PP’ above 
the surface of the earth, H7 is the visible 
horizon as seen from P, and Hs is the sensi- 
ble horizon. The geometrical dip of the 
horizon is the angle H;PHg and is equal to 


De=1.06VH 


where Dg is the geometrical dip in minutes 
of arc, and H is the height in feet of the 
eye of the observer. 

As light from a point on the visible 
horizon H, traverses the distance to the 
eye of the observer at P, it is refracted by 
the layers of air through which it passes, 
so that it appears to the observer to be at Hy. Thus, the geometrical dip is reduced 
and the apparent dip of the visible horizon, deduced from Biot’s law of refraction, is 
angle H,;PHy given approximately by 


Dy=0.97/H 


Due also to refraction, the horizon is visible beyond the geographical range of Hg, 
so that at sea the distance of the sea horizon in nautical miles is 


Ms 





Figure 2119.—Geometrical dip of the horizon is angle 
H;PHg. Because of refraction, the true horizon 
appears at Hy and apparent dip is angle HsPH y. 


Distance= 1.144, 


where H is in feet. The above formulas are based upon standard conditions of temper- 
ature and pressure. 
Example.—From the table on the outside back cover of The Air Almanac (app. 
E) determine the dip at height of eye of (1) 30 feet, (2) 2,000 feet, (3) 900 feet. 
Answers.—(1) D(—)5’, (2) D(—)44’, (38) D(—)29’. 
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2120. Semidiameter (SD).—The altitude of a body is the angular distance of its 
center above the horizon. If the body has an appreciable diameter, as the sun or moon 
has, and the msible horizon 1s used for observation, more accurate results are obtained by 
aligning the upper or lower edge of the visible disk with the horizon and applying a cor- 
rection for semidiameter, instead of attempting to estimate its center. (See fig. 2120a.) 
The upper or lower edge of the disk of the sun or moon is called a limb. In the case of 
the sun and the full moon the lower limb is 
usually brought in contact with the horizon. 
When the moon is not full, the illuminated 
limb is used. If the lower limb is observed, 
the sextant altitude is too small and the 
correction for semidiameter is added (fig. 
2120b). If the upper limb is observed, the 
correction is subtracted (fig. 2120c). This 
correction does not apply to sights in which 
the bubble or artificial horizon feature of 
the sextant is used and the center of the 
body is aligned with the bubble. Symbols 
for upper and lower limb of the sun and 
moon are O,0, C,C ;and for the centers©, €. 

The angular diameter of a body (and 
hence its semidiameter) varies inversely as 
its distance from the observer. Thus, stars 
FicurRE 2120a.—The sun's lower limb in contact and most p lanets are considered to be pom 

with the horizon as seen in bubble sextant using SOUTCES of light. Venus has an appreciable 

visible horizon. The bubble has not been formed. angular diameter but it is so small that it is 

neglected in air navigation. The mean 

semidiameter of the sun is approximately 16’. It is slightly greater than this at 
perihelion in January and slightly less at aphelion in July. 

The moon is so near the earth that its semidiameter is nearly 2’ larger at perigee than 
at apogee, varying between approximately 15’ and 17’. The moon’s semidiameter also 








Fiaure 2120b.—The correction for semidiameter Fiqure 2120c.—The correction for semidiamcter 
is added to the altitude of the lower limb. is subtracted from the altitude of the upper limb. 


depends somewhat upon its altitude because the distance to the moon at the zenith is 
less than at the horizon, by the radius of the earth. Hence, the semidiameter of the 
moon is greater at the zenith than at the horizon. This slight increase in angular di- 
ameter, called augmentation, is neglected in air navigation. 
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Average semidiameters of the sun and moon for each day are tabulated near the 
lower right-hand corner of the am side of the daily page of The Air Almanac. 

Example.— What is the semidiameter of the sun and moon on 18 June 1955? 

Answer.—Sun 16’, moon 17’. 

2121. Parallax (P) is the difference in the apparent direction or position of an 
object when viewed from different points. For members of the solar system, parallax 
is the difference in direction as seen from the earth’s surface and its center. This is 
called geocentric parallax and is equal to the angle at the body subtended by an equa- 
torial radius of the earth. In figure 2121 the altitude of M above the sensible horizon 
(PS) for an observer at P is angle MPS. The true altitude of M above the celestial 





Figure 2121.—The correction for lunar parallax in altitude (P3410) applied to sextant altitude (MPS) 
determines geocentric altitude (MOC). 


horizon (OC) at O is the angle MOC. Since angle MO’S=angle MOC, the geocentric 
parallax of M is angle PMO, the angle subtended at the body by the radius OP. 
Parallax is maximum when the body is on the horizon, when it is called horizontal 
parallax, and is zero when the body is at the zenith. The phrase parallax in altitude 
is Often used to refer to parallax of a body not on the horizon. The altitude corrections 
given in The Nautical Almanac include terms representing parallax in altitude of the 
moon, sun, Mars, and Venus. Except for the moon, parallax corrections are neglected 
in air navigation. Corrections for the moon’s parallax in altitude are given on the 
daily pages of The Air Almanac and are always algebraically added to sextant altitudes. 
The values of parallax for negative altitudes are obtained from The Air Almanac for 
the equivalent positive altitudes. 

The radius of the earth is so small in comparison with the distance to a star that 
the geocentric parallax is infinitesimal and no correction for parallax of a star is used in 
navigation. Stellar parallax becomes measurable if a radius of the earth’s orbit is used, 
in which case it is called heliocentric parallax. One parsec (art. 1603) is the distance at 
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2120. Semidiameter (SD).—The altitude of a body is the angular distance of its 
center above the horizon. If the body has an appreciable diameter, as the sun or moon 
has, and the visible horizon 1s used for observation, more accurate results are obtained by 
aligning the upper or lower edge of the visible disk with the horizon and applying a cor- 
rection for semidiameter, instead of attempting to estimate its center. (See fig. 2120a.) 
The upper or lower edge of the disk of the sun or moon is called a limb. In the case of 
the sun and the full moon the lower limb is 
usually brought in contact with the horizon. 
When the moon is not full, the illuminated 
limb is used. If the lower limb is observed, 
the sextant altitude is too small and the 
correction for semidiameter is added (fig. 
2120b). Ifthe upper limb is observed, the 
correction is subtracted (fig. 2120c). This 
correction does not apply to sights in which 
the bubble or artificial horizon feature of 
the sextant is used and the center of the 
body is aligned with the bubble. Symbols 
for upper and lower limb of the sun and 
moon are 0,0, C,C ;and for the centers@, €. 

The angular diameter of a body (and 
hence its semidiameter) varies inversely as 
its distance from the observer. Thus, stars 
FiacurE 2120a.—The sun's lower limb in contact and most p lanets are considered to be pom 

with the horizon as seen in bubble sextant using SOUTCeS of light. Venus hasan appreciable 

visible horizon. The bubble has not been formed. angular diameter but it is so small that it is 

neglected in air navigation. The mean 

semidiameter of the sun is approximately 16’. It is slightly greater than this at 
perihelion in January and slightly less at aphelion in July. 

The moon is so near the earth that its semidiameter is nearly 2’ larger at perigee than 
at apogee, varying between approximately 15’ and 17’... The moon’s semidiameter also 








Ficuret 2120b.—The correction for semidiameter Figure 2120c.—The correction for semidiameter 
is added to the altitude of the lower limb. is subtracted from the altitude of the upper limb. 


depends somewhat upon its altitude because the distance to the moon at the zenith is 
less than at the horizon, by the radius of the earth. Hence, the semidiameter of the 
moon is greater at the zenith than at the horizon. This slight increase in angular di- 
ameter, called augmentation, is neglected in air navigation. 
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Average semidiameters of the sun and moon for each day are tabulated near the 
lower right-hand corner of the am side of the daily page of The Air Almanac. 

Example.—What is the semidiameter of the sun and moon on 18 June 1955? 

Answer.—Sun 16’, moon 17’. 

2121. Parallax (P) is the difference in the apparent direction or position of an 
object when viewed from different points. For members of the solar system, parallax 
is the difference in direction as seen from the earth’s surface and its center. This is 
called geocentric parallax and is equal to the angle at the body subtended by an equa- 
torial radius of the earth. In figure 2121 the altitude of 14 above the sensible horizon 
(PS) for an observer at P is angle MPS. The true altitude of M above the celestial 





Figure 2121.—The correction for lunar parallax in altitude (PMO) applied to sextant altitude (MPS) 
determines geocentric altitude (AfOC). 


horizon (OC) at O is the angle MOC. Since angle MO’S=angle MOC, the geocentric 
parallax of M is angle PMO, the angle subtended at the body by the radius OP. 
Parallax is maximum when the body is on the horizon, when it is called horizontal 
parallax, and is zero when the body is at the zenith. The phrase parallax in altitude 
is often used to refer to parallax of a body not on the horizon. The altitude corrections 
given in The Nautical Almanac include terms representing parallax in altitude of the 
moon, sun, Mars, and Venus. Except for the moon, parallax corrections are neglected 
in air navigation. Corrections for the moon’s parallax in altitude are given on the 
daily pages of The Air Almanac and are always algebraically added to sextant altitudes. 
The values of parallax for negative altitudes are obtained from The Air Almanac for 
the equivalent positive altitudes. 

The radius of the earth is so small in comparison with the distance to a star that 
the geocentric parallax is infinitesimal and no correction for parallax of a star 1s used in 
navigation. Stellar parallax becomes measurable if a radius of the earth’s orbit is used, 
in which case it is called heliocentric parallax. One parsec (art. 1603) is the distance at 
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which heliocentric parallax is 1’’.. A correction for heliocentric parallax is not applicable 
to sextant altitudes. 

2122. Coriolis (Z).—Any particle moving at a constant velocity in the space above 
the earth is subject to an apparent force which deflects its path to the right in the 
northern hemisphere and to the left in the southern hemisphere. This apparent force 
and the resulting acceleration were first discussed shortly before the middle of the 
nineteenth century by Gaspard Gustave de Coriolis (1792-1843), a French civil engi- 
neer, and given quantitative formulation by Ferrel. The acceleration is known as 
Coriolis acceleration (or force) or simply Coriolis. Its effect on wind is expressed in 
Ferrel’s Law. 

Because of Coriolis, wind blowing from an area of high atmospheric pressure does 
not move directly toward a low-pressure area, but is deflected to the right (in north 
latitude) causing a counterclockwise circulation around the low. Frequently one bank 
of a river is eroded more than the other because of the deflection of the moving water. 
Similarly, the liquid in the bubble chamber of a sextant is displaced to the right, a 
fact of importance in air navigation. As will be shown later, Coriolis is proportional 
to latitude and speed. Hence, it must be taken into account if navigation is to be 
accurate in high-speed aircraft and in polar regions. 

The function of the bubble in a sextant is to align the sextant with the true vertica] 
at the observer’s position. It acts much as a plumb bob suspended by a cord. If 
the bob is in motion over the earth, as in an aircraft in flight, Coriolis acts so as to 
deflect the bob out of the true vertical. 

Refer to figure 2122a, in which a weight supported as shown is located near the 
edge of a large turntable which is rotating in a counterclockwise direction at a constant 
speed. The angular momentum of the weight is mr*w where m is its mass, 7 is the 
distance from the axis of rotation of the turntable, and w is the angular velocity. The 





FIGURE 2122a.—A plumb bob free to swing in a guide will hang vertically upon a rotating disk, if it 
is not moved relative to the disk. 


angular momentum of a body remains constant if no force is applied to it. Conse- 
quently, if r is decreased, w must increase, the mass remaining the same. If the weight 
is moved nearer the center, r is decreased and w, the angular velocity, increases. That 
is, looking along r in the direction the weight is moved, the velocity of the weight 
increases and it is deflected to the right, as shown in figure 2122b. 
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If the weight is moved away from the center, 7 increases and w decreases. Again 
looking in the direction of motion, the weight is deflected to the right. Similarly, if the 
weight is moved around the center, it is also deflected to the right because its momen- 
tum, and hence the centrifugal force, is increased or decreased depending upon whether 
the weight is moved with or against the rotation of the turntable. In this case m and r 
are not changed, so any change in w results in a change of momentum. It follows 
therefore that any motion of the weight over the moving turntable results in its deflec- 
tion to the right of the line of motion. If the turntable rotates clockwise, the deflections 
are to the left. 





FicuRE 2122b.—If the plumb bob is moved in anv direction on the disk, it is deflected to the right of 
the line of motion. If the disk is rotated in the opposite direction, the deflection is to the left. 


The same effect results from motion over the rotating earth, when it is called 
Coriolis acceleration. It manifests itself as a deflection in the apparent vertical in an 
amount given by: 

Z=2.62 V sin ¢+0.146 V2 sin TR tan ¢—5.25 V TR’ 
where Z=deflection of the vertical in minutes of are. 
V=ground speed in hundreds of knots. 
¢=latitude, degrees 
TR=track, degrees 
TR’=rate of change of track in degrees per minute. 

The first term on the right gives the values which are most significant at slow speed. 
The evaluation of this term is given in the table of Z corrections on the inside back cover 
of The Air Almanac (app. E). This is the correction for curved flight in space along a 
great circle over a rotating earth. The second term, which may be significant at high 
speed and high latitude, corrects for a difference between a rhumb line and a great 
circle, when a rhumb line is followed, thus increasing the curvature of the path. The 
third term allows for accelerations due to curvature changes of a random nature occur- 
ring during the observing period; such as small steering errors, gyro drift, a change in 
direction of the earth’s magnetic field, a wind shift, ete. Thus, at TAS 500K a net 
change in heading during a two-minute observation of 1°95, for example, displaces the 
vertical 

§.25X5X0.75=19°7 
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If the heading at the end of the observing period is the same as at the beginning, the 
displacement is zero. Unless extreme accuracy is desired, correction for Coriolis effects 
is generally confined to application of the Z-correction. 

The earth’s rotation being from west to east, or counterclockwise in the northern 
hemisphere, any motion over the earth (in this hemisphere) results in Coriolis accelera- 
tion to the right. In the southern hemisphere the west-to-east rotation is clockwise, 
resulting in Coriolis acceleration to the left. 

The effect of Coriolis on a bubble sextant is to displace the apparent direction of 


gravity to the right (in north latitude), as shown in figure 2122c. Consequently, the 
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FIGURE 2122c.—The effect of Coriolis in north latitude is to displace the apparent direction of gravity 
to the right. Altitudes to starboard are too small, those to port are too great. 


apparent altitude of a star is too small if it is to starboard and too great if it is to port. 
It follows, therefore, that a line of position resulting from a bubble sextant observation 
is inaccurate unless corrected. The direction of the correction is always perpendicular 
to the track (the direction of motion); the amount, called the Z correction, is given in a 
table on the inside back cover of The Air Almanac and in H.O. 249. These tables are 
entered with GS preferably, although entry with TAS will generally not introduce a 
significant error. It isconvenient to apply the Z correction to the AP as shown in figure 
2122d. Note that the AP is moved to the right, perpendicular to the track, in north 
latitude and to the deft in south latitude. 

Example.—The DR position of an aircraft is L 27°47’ N, \ 52°40’ W. TC 175°, 
PGS 360K. The navigator observes Deneb and Arcturus with the following results: 


Deneb Arcturus 

LT 0316 0320 
a 9 mi. T 19 mi. T 
Zn 137° 203° 


aL 28°00’ N 28°00’ N 

ar 52°44’ W 52°20’ W 
Required.—(1) Coriolis, (2) 0320 fix. 
Answers.—(1) Z 5’ right, (2) 0320 fix: L 27°39’ N, » 52°28’ W. 
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oSoriolis 





28°N 


FiGuRE 2122d.—Coriolis correction is conveniently applied to the AP, perpendicular to the course. 


2123. Correction of sextant altitudes is made by combining all applicable correc- 
tions. The following recapitulation of corrections applied in air navigation may prove 
helpful: 


Body Artificial horizon Visible horizon 
Sun IC, R, Z IC, D, R, SD 
Moon IC,R,Z,P  IC,D,R,SD,P 
Planet IC, R, Z IC, D, R 
Star IC, R, Z IC, D,R 


Note that index correction, if any, and refraction are always applied; Coriolis is 
always applied if the artificial horizon is used, and dip is always applied if the visible 
horizon is used; parallax is applied only to moon observations; and semidiameter is 
applied only to sun and moon observations and only when the visible horizon is used. 

The following information is also helpful: 

Index correction may be either plus or minus and does not change with a change 
in the position of the body. 

Refraction is always minus and decreases as the altitude of the body increases. 

Dip is always minus and increases as the height of the observer’s eye increases. 

Semidiameter is always plus if the lower limb is observed and minus if the upper 
limb is observed. It decreases with increased distance of the body from the earth. 

Parallax is always plus. It decreases as the altitude of the body increases and also 
as the distance of the body from the earth increases. 

691-651°—63——34 
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Coriolis is perpendicular to the track, to the right in the northern hemisphere and 
to the left in the southern hemisphere. It increases as the latitude of the observer in- 
creases and also as the speed of the observer increases. 

Example 1.—The following observations are made on 19 June 1955 witha 
bubble sextant, using an artificial horizon. The sextant hasnoIC. Find the observed 
altitude (Ho) and the Z correction, using The Air Almanac. 





Body hs Height (feet) GS L. 

(1) Sun 22°14’ 5,700 250K 28° N 

(2) Moon 18°25’ 22,000 360K 59° N 

(3) Aldebaran 25°06’ 34,000 310K 32°S 

(4) Sun 12°13’ 18,000 280K 79° N 

Solution.— 
= O 2-  « = 30 = 2. OS 
R 2 1’ 1’ 2 
SS 58’ = = 

corr. (2 (+)57’ (==)1" (=)2" 
hs 22°14’ 18°25’ 25°06’ 12°13’ 
Ho 22°12" 19°22’ 25°05’ 12°11’ 
Z 3’ right 8’ right 4’ left 8’ right 


Example 2.—The following observations are made on 18 June 1955 with a 
bubble sextant, using the visible horizon. Find the observed altitude (Ho) using The 
Air Almanac. 

Height of eye 


Body hs IC (feet) 
(1) Sun © 47°18’ +2’ 1, 500 
(2) Moon C€ 22°56’ —1’ 2, 200 
(3) Polaris 53°11? 0’ 900 
(4) Moon ¢ 36°46’ — 3’ 1, 100 
Solution.— 
+ 9 - + ©€ - + * =- + TFT = 
IC 2’ 1’ — — 3” 
R 1’ 2° 1’ 1’ 
D 38’ 46’ 29’ 337 
SD 16’ 17’ — — 17’ 
— 56’ — 49’ 
sum 118’ 39’ 73° 49’ 30’ 49’ 54’ 
corr. (—)21’ (+)24’ (—)30’ (—)5’ 
hs 47°18/ 22°56" 53°11" 36°46’ 
Ho 46°57’ 23°20" 52°41’ 36°41° 
Problems 


(With bubble sextant, assume artificial horizon unless otherwise specified. ) 


2117. Given.—A sextant observation of the visible horizon is taken to determine the 
index correction. When the image of the horizon as seen through the index prism 
coincides with the image as seen through the horizon prism, the sextant counter read 
ing is (—)2’. 
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Required.—Index correction. 

Answer.—IC (+)2’. 

2118a. Given.—The refractive index of moist air with respect to a vacuum is 
1.000264. A ray of light traveling in vacuum strikes a layer of moist air at an angle of 
incidence of 38°. 

Required.—The angle of refraction. 

Answer.—Angle of refraction=37°59/17’’. 

2118b. Given.—A navigator observes the sun with a bubble sextant, as follows: 
hs 17°21’, height 11,000 feet. 

Required.—The refraction correction, using the refraction table on the back cover 
of the Air Almanac. 

Answer.—R (—)2’. 

2118c. Given.—Polaris is observed with a bubble sextant, as follows: hs 37°47’, 
height 24,000 feet. 

Required.—The refraction correction. 

Answer.—R (—)I1’. 

2118d. Given.—The star Dubhe is observed with a bubble sextant, as follows: 
hs 9°18’, height 17,000 feet, temperature (—)51° C. 

Required.—The refraction correction, using The Air Almanac refraction table 
(including the auxiliary tables for temperature). 

Answer.—R (—)5’. 

2118e. Given.—A navigator desires to use H.O. 218 for reduction of his observation 
of the star Acrux, which is observed with a bubble sextant, as follows: hs 12°12’, height 
18,500 feet, temperature (—)21° C. 

Required.—The refraction correction by the A. N. T. table in The Air Almanac. 

Answer.—R (+)2’. 

2118f. Given.—The star Canopus is observed with a bubble sextant, as follows: 
hs 16°42’, height 19,000 feet, temperature (—)23° C. 

Required.—Refraction correction by table IV of Vol. II or III, H.O. 249. 

Answer.—R (—)2’. 

2118g. Given.—A navigator observes the planet Mars with a bubble sextant, as 
follows: hs 1°52’, height 25,000 feet, temperature (—)47° C. 

Required.—Refraction correction by H.O. 249. 

Answer.—R (—)10’. 

2118h. Given.—The star Sirius is observed with a bubble sextant, as follows: 
hs (—)2°43’, height 45,000 feet, temperature (—)55° C. 

Required.—Refraction correction by H.O. 249. 

Answer.—R (—)35’. 

2119a. Given.—The height of eye of the observer is: (1) 64 feet, (2) 529 feet, (3) 
5,929 feet. 

Required.—The geometrical dip. 

Answers.—(1) 815, (2) 2474, (3) 81°6. 

2119b. Given.—The height of eye of the observer is: (1) 81 feet, (2) 361 feet, (3) 
10,000 feet. 

Required.—The apparent dip. 

Answers.—(1) 818, (2) 186, (3) 98/0. 

2119c. Given.—The height of eye of the observer is: (1) 36 feet, (2) 484 feet, 
(3) 8,281 feet. 

Required.—The distance of the sea horizon in nautical miles. 

Answers.—(1) 6.9 miles, (2) 25.2 miles, (3) 104.1 miles. 
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Coriolis is perpendicular to the track, to the right in the northern hemisphere and 
to the left in the southern hemisphere. It increases as the latitude of the observer in- 
creases and also as the speed of the observer increases. 

Example 1.—The following observations are made on 19 June 1955 with a 
bubble sextant, using an artificial horizon. The sextant hasnoIC. Find the observed 
altitude (Ho) and the Z correction, using The Air Almanac. 


Body hs Height (feet) GS L. 

(1) Sun 29°14! 5,700 250K 28° N 

(2) Moon 18°25’ 22,000 360K 59° N 

(3) Aldebaran 25°06’ 34,000 310K 32° 8 

(4) Sun 12°13’ 18,000 280K 79° N 

Solution.— 
+O -= “h.« Se oe ee: ee ee Oe 
R 2’ 1’ 1’ 2’ 
P — 58’ — — 

corr. (—)2’ (+)57" (=) (—)2’ 
hs 22°14’ 18°25’ 25°06’ 12°13’ 
Ho 22°12’ 19°22’ 25°05’ 12°11’ 
Z 3’ right 8’ night 4’ left 8’ right 


Example 2.—The following observations are made on 18 June 1955 with a 
bubble sextant, using the visible horizon. Find the observed altitude (Ho) using The 
Air Almanac. 

Height of eye 


Body hs IC (feet) 
(1) Sun © 47°18’ +2’ 1, 500 
(2) Moon € 22°56’ —|’ 2, 200 
(3) Polaris 53°11’ 0’ 900 
(4) Moon ¢ 36°46’ —3’ 1, 100 
Solution.— 
+ @ - + © =~ + *& - + T - 
IC 2’ 1’ — — 3’ 
R 1’ 2’ 1’ 1’ 
D 38’ 46’ 29’ 337 
SD 16’ 17’ — — 17’ 
P — 56’ — 49’ 
sum 18’ 397 737 49’ 30° 49’ 54’ 
corr. (—)21’ (+)24’ (—)30’ (—)5’ 
hs 47°18/ 22°56’ 53°11’ 36°46’ 
Ho 46°57’ 23°20’ 52°41/ 36°41’ 
Problems 


(With bubble sextant, assume artificial horizon unless otherwise specified.) 


2117. Given.—A sextant observation of the visible horizon is taken to determine the 
index correction. When the image of the horizon as seen through the index prism 
coincides with the image as seen through the horizon prism, the sextant counter read 
ing is (—)2’. 
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Required.—Index correction. 

Answer.—IC (+)2’. 

2118a. Given.—The refractive index of moist air with respect to a vacuum is 
1.000264. A ray of light traveling in vacuum strikes a layer of moist air at an angle of 
incidence of 38°. 

Required.—The angle of refraction. 

Answer.—Angle of refraction=37°59/17’’. 

2118b. Given.—A navigator observes the sun with a bubble sextant, as follows: 
hs 17°21’, height 11,000 feet. 

Required.—The refraction correction, using the refraction table on the back cover 
of the Air Almanac. 

Answer.—R (—)2’. 

2118c. Given.—Polaris is observed with a bubble sextant, as follows: hs 37°47’, 
height 24,000 feet. 

Required.—The refraction correction. 

Answer.—R (—)I1’. 

2118d. Given.—The star Dubhe is observed with a bubble sextant, as follows: 
hs 9°18’, height 17,000 feet, temperature (—)51° C. 

Required.—The refraction correction, using The Air Almanac refraction table 
(including the auxiliary tables for temperature). 

Answer.—R (—)5’. 

2118e. Given.—A navigator desires to use H.O. 218 for reduction of his observation 
of the star Acrux, which is observed with a bubble sextant, as follows: hs 12°12’, height 
18,500 feet, temperature (—)21° C. 

Required.—The refraction correction by the A. N. T. table in The Air Almanac. 

Answer.—R (+)2’. 

2118f. Given.—The star Canopus is observed with a bubble sextant, as follows: 
hs 16°42’, height 19,000 feet, temperature (—)23° C. 

Required.—Refraction correction by table IV of Vol. II or III, H.O. 249. 

Answer.—R (—)2’. 

2118g. Given.—A navigator observes the planet Mars with a bubble sextant, as 
follows: hs 1°52’, height 25,000 feet, temperature (—)47° C. 

Required.—Refraction correction by H.O. 249. 

Answer.—R (—)10’. 

2118h. Given.—The star Sirius is observed with a bubble sextant, as follows: 
hs (—)2°43’, height 45,000 feet, temperature (—)55° C. 

Required.—Refraction correction by H.O. 249. 

Answer.—R (—)35’. 

2119a. Given.—The height of eye of the observer is: (1) 64 feet, (2) 529 feet, (3) 
5,929 feet. 

Required.—The geometrical dip. 

Answers.—(1) 815, (2) 24/4, (3) 81/6. 

2119b. Given.—The height of eye of the observer is: (1) 81 feet, (2) 361 feet, (3) 
10,000 feet. 

Required.—The apparent dip. 

Answers.—(1) 818, (2) 18'6, (3) 98/0. 

2119c. Given.—The height of eye of the observer is: (1) 36 feet, (2) 484 feet, 
(3) 8,281 fect. 

Required.—The distance of the sea horizon in nautical miles. 

Answers.—(1) 6.9 miles, (2) 25.2 miles, (3) 104.1 miles. 
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2119d. Giren.—The height of eye of the observer is: (1) 58 feet, (2) 325 feet, (3) 
1,750 feet. 
Required.—The dip correction using the dip table on the back cover of The Air 
Almanac. 
Answers.—(1) (—)7’, (2) (—)18’, (3) (—)41’. 
2120a. Given.—On 18 June 1955 the lower limb of the sun is observed on the 
visible horizon, as follows: hs 30°46’, height of eye 42 feet. 
Required.—Observed altitude (Ho). 
Answer.—Ho 30°54’. 
2120b. Given.—On 18 June 1955 the upper limb of the moon is observed with 
a bubble sextant, as follows: hs 42°17’, height 2,300 feet, IC (+)2’. 
Required.—Observed altitude (Ho). 
Answer.—Ho 42°46’. 
2120c. Given.—On 19 June 1955 the planet Saturn and the star Regulus are ob- 
served with a bubble sextant, as follows: (1) Saturn, hs (—)1°40’; (2) Regulus, hs 
12°47’; IC (—)1’, height 21,000 feet, temperature (—)38° C. 
Required.—Altitude correction and the Ho of the two bodies. 
Answer.—(1) Saturn, altitude correction (—)45’, Ho (—)2°25’; (2) Regulus, alti- 
tude correction (—)3’, Ho 12°44’. 
2121la. Given.—On 19 June 1955 the lower limb of the moon is observed with 
reference to the visible horizon, as follows: hs 46°31’, height of eye 22 feet, IC (+)1’. 
Required.—Observed altitude. 
Answer.—Ho 47°25’. 
2121b. Given.—On 18 June 1955 the center of the moon is observed with a bubble 
sextant, as follows: hs 3°17’, height 21,000 feet, IC 0’, temperature (—)37° C. 
Required.—Ho, using table IV, H.O. 249. 
Answer.—Ho 4°10’. 
2121¢c. Given.—On 19 June 1955 the center of the moon is observed with a bubble 
sextant, as follows: hs 9°49’, height 40,000 feet, IC (4+-)2’. 
Required.—Observed altitude. 
Answer.—Ho 10°50’. 
2122. Given.—TAS and latitude as follows: 
TAS L 
(1) 380K 65° N 
(2) 220K 47°S 
(3) 290K 14° N 
(4) 370K 4°S 
Required.—Compute the direction and amount of the Coriolis correction. 
Answers.—(1) 9’ right, (2) 4’ left, (3) 1’ right, (4) 0’. 
2123a. Given On 18 June 1955 the following observations are made with refer- 


ence to the visible horizon: 
Height of eye 


Body hs IC ( feet) 
Q 31°17" (—-)1" 19 
C 14°32’ Cay’ 27 
Jupiter 42°29' (—)1’ 21 


Achernar 7°31" (—)1’ 32 
Polaris 16°02’ (—)1’ 22 
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Required.—Ho for each observation. 


Answers.— 
Body 


AnD 


Jupiter 
Achernar 
Polaris 


2123b. Given.—During a flight from Hilo 


o2/ 


Ho 
31°26’ 
15°04’ 
42°23’ 
17°21’ 
15°53" 
to NAS Los Alamitos on 19 June 1955 


a navigator makes the following observations at TAS 335K, using a bubble sextant: 


Body 
C 
C 
Jupiter 
Polaris 
Adhara 


hs 
11°13’ 
15°23’ 
41°19’ 
26°49’ 
18°19’ 


Ic 
(+)2’ 
(+)2’ 
(+)2’ 
(+ )2° 
(+ )2’ 


Height 

( feet) Latitude 

4, 000 21° N 
10, 000 26° N 
12,000 26°N 
14, 000 26° N 
15, 500 26° N 


Required.—Ho and Coriolis correction for each observation for reduction by H.O. 


218 and the Polaris table. 
Answers.— 


Q 
C 
Jupiter 
Polaris 
Adhara 


Ho 
11°31’ 
16°07’ 
41°21’ 
26°51’ 
18°22’ 


Z 
3’ right 
5’ right 
5’ right 
5’ right 
5’ right 


2123c. Given.—On 20 June 1955, while 
a navigator observes the following stars, using 


Star hs IC 
Regulus 59°00’ (+)1’ 
Sirius 54°52’ (+)1’ 
Capella 33°09’ (+)1’ 


Required.—Ho and Coriolis correction for 


on a patrol mission from Kwajalein 


a bubble sextant. TAS 280K. 
Height 
(feet) LHAT Latitude 
15, 500 120° 9° N 
12, 400 125° 9° N 
11, 500 129° 9°N 


each of the observations for solution by 


H.O. 249, Volume I, and the precession correction to be applied to each AP. 


Answers .— 
Ho Z Precesston 
Regulus 59°01’ 1’ right ‘1’, 100° 
Sirius 54°52’ 1’ right 1’, 102° 
Capella 33°09’ l’ right 1’, 103° 


2123d. Given —On 18 June 1955 the GMT 2135 DR position of a patrol aircraft 
on a flight from Auckland to San Diego is L 5°14’ 8, \ 153°10’ W. The aircraft is on 


course 045°, PGS 330K. 
The IC is (—)1’. 


QO 
GMT 215307108 
hs 59°06’ 
He 59°39" 
Zn 021° 


The height is 15,000 feet, and the temperature (+) 6° C. 
The navigator makes the following observations: 


Venus 
21536™208 
62°12’ 
61°55’ 
335° 
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Required.—(1) For each observation: Ho corrected for motion of observer for a 
GMT 2135 fix (using table I, H. O. 249), altitude difference, amount and direction of 
Coriolis correction. 

Given.—After a stopover at Malden Island, the flight is resumed on 19 June 
1955. The GMT 1450 DR position is L 5°07’ N,  143°30’ W. Height 12,000 feet, 
TC 044°, PGS 320K, temperature (+) 7° C. The IC is(—)1’. The following obser- 
vations are made for a GMT 1944 fix. 


€ Deneb Altair 
GMT 14544705" 14548™30° 145537108 
hs  (—)1°39’ 39°20’ 40°46’ 
He (—)1°38/ 39°04’ 40°24’ 
Zn 067° 328° 277° 


Required.—(2) For each observation: Ho, He corrected for motion of observer 
for a 1450 GMT fix, altitude difference, amount and direction of Coriolis correction. 
Answers.—(1) 


[o) Venus 

Ho corrected to 2135 GMT____-_-- 59°29’ 62°14’ 

Dart Sen Se ee eee See 10 A 19 T 

COrioh$ = s4 sects eee 2’ left 2’ left 

(2) 
€ Deneb Altair 

Poise onwet oe etetene eee demtadeed (—)1°24’ 39°18" 40°44’ 
Hc corrected for 1450 GMT fix____--_-- (—)2°08’ 39°02’ 41°14’ 
Dt he ee ee ee ee ere 44 T 16 T 30 A 


COG) iS so oe ee cic eeeuceese aes l’ right 1’ right 1’ right 


CHAPTER XXII 
SPECIAL METHODS 


2201. Introduction.—The navigational methods and computations previously 
explained are those generally applicable in the daily routine of the navigator. Because 
of unique relationships sometimes encountered, the usual solutions can be discarded 
in favor of special methods which result in a shorter solution, greater accuracy, or both. 

2202. Latitude by Polaris.— Referring to figure 2202a, latitude is indicated by (1) 
the declination of the zenith (arc QZ) or (2) the altitude of the elevated pole (arc NP,). 
Since the polar distance of the star Polaris is less than 1°, the altitude of this body 
is approximately equal to the latitude of the place of observation in the northern 
hemisphere. Latitude can be found by applying a small correction to the observed 
altitude of Polaris. 

The nature of this correction is suggested by inspection of figure 2202b in which the 
circle represents the path of Polaris around the north pole (P,,), as seen by an observer 
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FicureE 2202b.—The correction is 
(—)aPn when Polaris is at a and 





FiGcurE 2202a.— Latitude is equal to the (1) decli- (+) bPn when at b. At any pointc 
nation of the zenith and (2) the altitude of the correction is pcosLHA. At 
the elevated pole. Compare with figure 2202b. B or B’ the correction is zero. 


on earth looking along the axis P,P, (fig. 2202a). The line ab represents a small por- 
tion of the observer’s meridian. Polaris is at upper transit at a and at lower transit 
at 6. This is also shown in figure 2202b, to larger scale. Latitude is equal to the 
altitude minus the polar distance (p) when Polaris is at @ and plus the polar distance 
when it is at 6. When the star is at any point c, the Polaris correction is polar distance 
times the cosine of the local hour angle. (corr.=p cos LHA.) Thus, the correction 1s 
a function of LHA of the star, and hence also of LHAYT, insofar as the difference between 
these quantities (the SHA) can be considered constant. 
929 
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2203. The Polaris correction table in The Air Almanac lists the correction Q 
to be applied to the sextant altitude of the Pole Star, Polaris, to give the latitude of the 
observer. The correction is given in a critical table, with argument LHA Aries (T) 
obtained from the daily pages. The effect of refraction is not included and so the sex- 
tant altitude must be fully corrected before use. On the same page as Q correction is 
also given a table of the Azimuth of Polaris; this table is entered with arguments, 
latitude and LHA Aries (YT). Q correction for altitude difference is shown in figure 
2203. 

Ezxample.—On 1 January 1962 at GMT 02°53™"32° in longitude 49°18’ W., the 
corrected sextant altitude of Polaris is 54°46’. 

Required.—The latitude and azimuth. 





GMT 2°53™32* Jan. 1 Corr. sextant altitude 54°46’ 
2550" 142°47’ Q (LHAT, 94°22’) (—) 23” 
3732" 0°53’ Latitude 54°23’ 

GHA YT  143°40’ 
r 49°18’ W Azimuth (LHAT 90°, Lat. 55°) 358°6 


LHA T 94°22’ 


CORR. IS PLUS 





FIGURE 2203.— Diagram showing Q correction for altitude difference of Polaris. 


Although the above method usually provides sufficient accuracy for air navigation, a 
higher degree of accuracy may be obtained by use of Polaris correction tables included 
in The Nautical Almanac. These tables are based on the following formula: 


Latitude—corrected sextant altitude=—p cos h+¥% p sin p sin? h tan (latitude) 


where p=polar distance of Polaris=90°— Dec. 
h=\local hour angle of Polaris=LHA Aries+SHA 


The value do, which is a function of LHA Aries only, is the value of both terms of the 
above formula calculated for mean values of the SHA (330°26’) and Dec. (N. 89°05/6) 
of Polaris, for a mean latitude of 50°, and adjusted by the addition of a constant 
(58°8). The value a, which is a function of LHA Aries and latitude, is the excess of the 
value of the second term over its mean value for latitude 50°, increased by a constant 
(0°6)to make it always positive. The value a2, which is a function of LHA Aries and 
date, is the correction to the first term for the variation of Polaris from its adopted 
mean position; it 1s increased by a constant (0/6) to make it positive. The sum of the 
added constants is 1°, so that: 

Latitude=corrected sextant altitude— 1°+a)+a,+ a, 
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The table is entered with LHA Aries to determine the column to be used; each 
column refers to a range of 10°. The value ap is taken, with mental interpolation, from 
the upper table with the units of LHA Aries in degrees as argument; a), a2 are taken, 
without interpolation, from the second and third tables with arguments latitude and 
month, respectively. Values do, a, and dz are always positive. The final table gives 
the azimuth of Polaris. 

The Polaris table in Volume I of H.O. 249 (Table 6) is similar to the one in The 
Air Almanac, except that it is based on the position of Polaris for the year of the tables. 
If the fix is to be corrected for precession/nutation, use Table 6 in H.O. 249, Volume I, 
rather than the Polaris table in The Air Almanac. The correction when applied to 
the fix moves the Polaris shot into its correct position. When The Air Almanac is used, 
Polaris is plotted in its correct position, and applying precession/nutation correction 
would move Polaris to an incorrect position. 

2204. Polaris correction by estimate.—A quick visual check on the Polaris correc- 
tion can be made by noting the positions of Cassiopeia and the big dipper relative to 
each other. Refer to figure 2204. A line through Polaris and the north celestial pole, 





FicurE 2204.—Checking the Polaris correction visually. 


if extended, passes almost through ¢ Cassiopeia on one side and Alkaid on the opposite 
side. Each of these stars is the last one of its constellation, trailing all of the others 
as they circle the celestial pole in a counterclockwise direction, as shown on a time 
diagram. That is, « Cassiopeia is at the upper left-hand corner when its constellation 
appears as a W and at the lower right-hand corner when it appears as an M. Alkuid 
is at the end of the handle of the big dipper, farthest from the bowl. 

Because of the relationship of these two stars with Polaris and the pole, the position 
of Polaris relative to the north celestial pole is immediately apparent whenever the stars 
are clearly visible. If € Cassiopeia is directly above Polaris, the correction is (—)57’ 
and if directly below, the correction is (+)57’.. When e Cassiopeia and Polaris are at 
about the same altitude, the correction is zero. At other positions, the correction can 
be estimated. That is, the position of ¢ Cassiopeia relative to Polaris can be considered 
an enlargement of the relationship of Polaris to the north celestial pole. Alkaid serves 
as a check and may be helpful in establishing the relationship existing at the time of 
observation. 
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2205. Meridian altitude.—Before the development of accurate and convenient 
time signals, navigators attached great importance to a meridian observation of a 
celestial body, particularly the sun. When a body is on the celestial meridian, the 
latitude can be found easily without a knowledge of the exact time. All that is needed 
in such a case is the declination of the body and its altitude when it is on the meridian. 
Altitude is determined by means of a sextant,and declination is found from the alma- 
nac. For bodies of the solar system the date and approximate GMT are sufficient. 
For the stars, even these are not needed. With modern methods and equipment 
the meridian altitude has lost much of its significance, but a working knowledge may 
be useful. 

Figure 2205 shows the celestial sphere surrounding the earth: P,.MP, is the upper 
branch of a celestial meridian and ZL’ a portion of the corresponding geographic 
meridian. The declination of a body at M (are QM) is numerically equal to the latitude 
of its geographical position at GP. It has been explained (art. 1811) that the zenith 
distance of a body is equivalent to the distance on earth between the geographical 





P, 


Figure 2205.—The zenith distance of a body on the meridian establishes the distance of the observer 
from the AP. 
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position of the body and the position of the observer. In figure 2205 the zenith distance 
of M is 30° and its declination is 20° N. If the body is on the meridian, the GP is also 
on the meridian. Since P,, Z, and M are all on the celestial meridian, the naviga- 
tional triangle flattens out to a line. The observer is 30° north of the GP (L 50° N) 
if the body is seen to bear south, or 30° south of the GP (L 10° S) if the body is seen 
to bear north. The navigator knows whether the GP is north or south, because it is 
the same as the direction he faces when making his observation. 


Example 1.—A navigator observes the sun on the meridian, bearing south: Ho 
57°46’, d 11°06’ N. 
Required.—The latitude. 


Solution.— 
90°00’ 
Ho 57°46’ 
2 32°14’ 
ad 11°06’N 
L 43°20’ N 


Since the body bears south, the navigator is 32°14’ north of the GP, or 11°06’ N + 
32°14’ N=43°20’ N. 

Answer.—L 43°20’ N. 

Example 2.—An aircraft is flying in the vicinity of the equator. The navigator ob- 
serves the sun on the celestial meridian, bearing north: Ho 67°53’, declination 21°49’ N. 

Required.—The latitude. 


Solution.— 
90°00’ 
Ho 67°53’ 
2 22°07" 
d 21°49’ N 
L 0°18’ S 


The aircraft 1s 22°07’ south of the sun’s GP at 21°49’ N. 
Answer.—L 0°18’ S. 
Example 3.—An aircraft is flying in the north polar regions. The navigator ob- 
serves the sun on the celestial meridian, bearing north: Ho 6°22’, declination 18°46’ N. 
Required.—The latitude. 


Solution.— 
90°00’ 
Ho 6°22’ 
2 83 °38/ 
d 18°46’ N 


L 77°36’ N 

Since the GP is 83°38’ north of the aircraft, which is in the north polar regions, the 
GP is beyond the pole, or on the lower branch of the observer’s meridian. Hence, the 
aircraft is also north of the GP and the latitude is 18°46’ N+83°38’ N=102°24’ N, or 
12°24’ beyond the pole. L=90°—12°24’=77°36’ N. 

2206. Local apparent noon (LAN).—-The meridian altitude method of finding 
latitude (art. 2205) is used mainly with the sun. If a navigator wishes to use the method, 
he should know when to make his observation; that is, when local apparent noon (LAN) 
occurs. There are several methods of determining this time: 

(1) Azimuth method.—The altitude is observed when the azimuth is 000° or 180°. 
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2205. Meridian altitude.—Before the development of accurate and convenient 
time signals, navigators attached great importance to a meridian observation of a 
celestial body, particularly the sun. When a body is on the celestial meridian, the 
latitude can be found easily without a knowledge of the exact time. All that is needed 
in such a case is the declination of the body and its altitude when it is on the meridian. 
Altitude is determined by means of a sextant, and declination is found from the alma- 
nac. For bodies of the solar system the date and approximate GMT are sufficient. 
For the stars, even these are not needed. With modern methods and equipment 
the meridian altitude has lost much of its significance, but a working knowledge may 
be useful. 

Figure 2205 shows the celestial sphere surrounding the earth: P,P, is the upper 
branch of a celestial meridian and LL’ a portion of the corresponding geographic 
meridian. The declination of a body at M (are QM) is numerically equal to the latitude 
of its geographical position at GP. It has been explained (art. 1811) that the zenith 
distance of a body is equivalent to the distance on earth between the geographical 





B, 


Figure 2205.—The zenith distance of a body on the meridian establishes the distance of the observer 
from the AP. 
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position of the body and the position of the observer. In figure 2205 the zenith distance 
of M is 30° and its declination is 20° N. If the body is on the meridian, the GP is also 
on the meridian. Since P,, Z, and M are all on the celestial meridian, the naviga- 
tional triangle flattens out to a line. The observer is 30° north of the GP (L 50° N) 
if the body is seen to bear south, or 30° south of the GP (L 10° S) if the body is seen 
to bear north. The navigator knows whether the GP is north or south, because it is 
the same as the direction he faces when making his observation. 


Example 1.—A navigator observes the sun on the meridian, bearing south: Ho 
57°46’, d 11°06’ N. 
Required.—The latitude. 


Solution.— 
90°00’ 
Ho 57°46’ 
2 32°14’ 
ad 11°06’N 
L 43°20’ N 


Since the body bears south, the navigator is 32°14’ north of the GP, or 11°06’ N + 
32°14’ N=43°20’ N. 
Answer.—L 43°20’ N. 
Example 2.—An aircraft is flying in the vicinity of the equator. The navigator ob- 
serves the sun on the celestial meridian, bearing north: Ho 67°53’, declination 21°49’ N. 
Required.—The latitude. 
Solution.— 
90°00’ 
Ho 67°53’ 
ge 29°07" 
d 21°49’ N 
L 0°18’ S 


The aircraft is 22°07’ south of the sun’s GP at 21°49’ N. 
Answer.—L 0°18’ S. 
Example 3.—An aircraft is flying in the north polar regions. The navigator ob- 
serves the sun on the celestial meridian, bearing north: Ho 6°22’, declination 18°46’ N. 
Required.—The latitude. 


Solution.— 
90°00’ 
Ho 6°22’ 
2 83°38’ 
d 18°46’ N 
L 77°36’ N 


Since the GP is 83°38’ north of the aircraft, which is in the north polar regions, the 
GP is beyond the pole, or on the lower branch of the observer’s meridian. Hence, the 
aircraft is also north of the GP and the latitude is 18°46’ N+83°38’ N=102°24’ N, or 
12°24’ beyond the pole. L=90°—12°24’=77°36’ N. 

2206. Local apparent noon (LAN).—-The meridian altitude method of finding 
latitude (art. 2205) is used mainly with the sun. If a navigator wishes to use the method, 
he should know when to make his observation; that is, when local apparent noon (LAN) 
occurs. There are several methods of determining this time: 

(1) Azimuth method.—The altitude is observed when the azimuth is 000° or 180°. 
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(2) Maximum altitude method.—For a stationary observer, or one traveling due east 
or west, the maximum altitude of a body occurs when the body is at upper transit, and 
the minimum altitude occurs when the body is at lower transit. For accurate results, a 


est East 





g 


FiaurE 2206a.—At LAN, \=GHA in west longi- 
tude and 360°— GHA in east longitude. 


smooth curve of observed altitude against 
time can be prepared, the highest point 
of which is at LAN. To determine this 
time accurately, compute the mean of 
the times at which the same altitude occurs 
before and afternoon. Thus, if the plotted 
curve shows that the same altitude occurs 
at 11°34™15°, and at 12°18™25°, the time 
on the meridian is 11°56™20°. 

(3) Computation method.—lIf the longi- 
tude is known with reasonable accuracy, 
the time of LAN can be computed in 
advance. Several methods are available, 
but perhaps the simplest is known as 
the Greenurch hour angle method. 

Refer to figure 2206a. When a body 
is on an observer’s meridian, the longitude 
of the place is equal to the body’s GHA 
in west longitude and to 360°—GHA in 
east longitude. Thus, at a known longi- 
tude the time at which GHA equals 
longitude is found by the following 
method: 


Example 1.—Compute the watch time of LAN at dX 87°17’ W on 20 June 1955, 


watch 14° slow on zone time. 





20 June 

r 87°17’ W (1) 
17°50™ 87°10’ (2) 
0™728° 0°07’ (3) 
GMT 17°50728* June 20 (4) 

ZD (+) 6 (rev.) 
ZT 11°50™28° (5) 

WE (S) 148 

W 11°50714° (6) 


Notes on solution: (1) The given longitude. (2) Enter the daily page of The Atr 
Almanac for the given date and extract the GHA© next smaller than the longitude. 
This is found at GMT 17°50". (3) The difference in arc units is converted to time. 
This is done mentally, by the arc to time conversion table, or the GHA interpolation 
table. (4) Adding the two times gives the GMT of local transit at the given longi- 
tude. (5) Application of zone description (reversed) gives zone time of local transit. 
(6) Application of the watch error gives the watch time of local transit (LAN), as 


required. 
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Example 2.—Find the zone time of LAN on 18 June 1955 at a place in longitude 
117°52’ E. 


Solution.— 

18 June 
360°00’ 

r 117°52’ E (1) 
GHA 242°08’ 
4500” 239°49’ 
97165 2°19’ 

GMT 4999716" June 18 (2) 

ZD (—) 8 (rev.) 

ZT 12509716° 


Note (1) that in east longitude, the almanac is entered with the explement of the 
longitude (360°—A), and (2) that the Greenwich date is the same as the local date 
unless the longitude is near 180°. The Greenwich date is used for entering the almanac. 
If this leads to an incorrect local date, the solution is reworked using the page for one 
day earlier or later, as applicable. 

If a craft is moving in any direction but along the meridian, the longitude is not 
known unless the time of LAN is known, and this is the quantity sought. One means 
of overcoming this difficulty is the first estimate—second estimate method. The 
longitude at LAN is estimated and the time of LAN at this longtitude is computed as 
in examples 1 or 2. This is the ‘“‘first estimate.”” The DR longitude at this time is 
plotted and the time of LAN at this longitude is computed. This is the “second esti- 
mate.’’ For ships and slow moving aircraft the difference between the second estimate 
of the time of LAN and the time of the DR from which it was computed is so small 
that the change in longitude between the two times is negligible. This is not usually 
true for a high-speed aircraft on a course having a large east or west component. 

To avoid the necessity for repeated estimates, a modification of Todd’s method 
for finding the time of LAN can be used. Since the sun moves 360° in 24°, it is ap- 
proaching any given meridian at the rate of 15’ per minute or 150’ per 10”, a convenient 
unit. This rate of approach to a moving craft is increased when the craft is on easterly 
courses, since aircraft and sun are approaching each other, and decreased on westerly 
courses, by the rate of change of the longitude of the aircraft. Hence, the time interval 
required for the sun to reach a moving craft is the interval at some fixed longitude 
150 FAX x ae where Ad is the change in the craft’s longitude in 10 
minutes. The sign of Ad is (+) if the course is easterly or (—) if the course is westerly. 
This correction of the interval to LAN at the given longitude is conveniently accom- 
plished on an E—10 computer. 

Because of the uncertainty in the position of an aircraft in flight, it is usually unrealis- 
tic to determine the time of LAN at the moving aircraft to an accuracy greater than the 
nearest minute. This is sufficient for practical air navigation because, generally, the 
altitude near meridian transit changes slowly, unless the body is near the zenith. How- 
ever, if the answer is to be correct to the nearest minute, a greater accuracy must be 
used in the various steps of the solution. In the following example the nearest second 
is used in the computation and the corresponding times shown on the plot (fig. 2206b) 
are rounded to the nearest whole minute. 


multiplied by the factor 
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Example 3.—An aircraft on TC 295°, PGS 232K is at L 27°24’ N, \ 147°25’ E 
at ZT 1210 on 19 June 1955. 

Required.—Zone time of LAN at the aircraft. 

Solution (fig. 2206b).—(1) Compute the ZT of LAN at any convenient whole 
degree of longitude, as at 147° E. 


360°00’ 
A 147°00’ E 
360°—X 213°00’ 
2°10™ 212°15/ 
3™00° 45’ 
GMT 2°13700° 
ZD (—) 10 (rev.) 
ZT 12°13™00° (of LAN at A 147° EB) 
ETA 12516™29° (at A 147° EB) 
Int. 37298 
| 3 


\ 
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FiGurRE 2206b.—Graphic solution for LAN at aircraft in flight. 
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(2) If the aircraft were flying north or south on this meridian, LAN would occur 
13™00° after 1200. If it were flying to the eastward, opposite to the sun’s motion, 
the interval would be shorter because the sun’s apparent rate is increased by the 
easterly motion of the aircraft. Since the given course is westward, the same as 
the sun’s motion, the interval is longer because the sun’s apparent rate is decreased 
by the westerly motion of the aircraft. 

(3) By measurement on the plot (or from table 3, Bowditch) determine the change 
in longitude (Ad) of the aircraft in 10". This is 39’ (to the nearest 1’) at the given 


. : 150 150 
course, speed, and latitude. The factor is therefore i50-ad 7 111 
(4) Multiply the time interval to LAN (329°) at the given longitude by the factor 


ae X 37483 = 47708 =4™42*. Onan E-10 computer set 111 on the inner scale opposite 
150 on the outer scale, and opposite 3.5 on the inner scale read 4.7 on the outer scale. 
Since the time of LAN at the given longitude is earlier than the arrival of the aircraft 
at this longitude (time of DR), the corrected interval is subtracted from the DR 
time (12516729*—4™42°= 12"11™475). 

Answer.—ZT of LAN at the aircraft 12°11™47°. 

If the aircraft had arrived at the selected meridian (147° E) before LAN at that 
longitude, the corrected interval would be added to the DR time at the selected meridian. 
Thus, the ETA at \ 148° E is 12°01706° and LAN at this longitude is 12°09™00°. 
The interval is 754° later. After application of the factor aa the corrected interval 
is 10™41°, which is added to 12°01706%. This produces the same time (12"11™47°) 
for LAN at the aircraft (12"01™06°+ 10™412°=12"11™478). 

A graphical method of finding the time of LAN is also illustrated in figure 2206b, 
using the same data as in example 3. 

Solution (fig. 2206b).—(1) Compute the ZT of LAN at any convenient whole 
degree of longitude, as at 147° E. 

(2) LAN at the next whole degree of longitude toward the east occurs 4™ earlier, 
or at 12°09700°. The aircraft will be at that meridian at 1201. 

(3) Using any convenient scale, measure along a meridian a number of units 
equal to the number of minutes between ETA at that meridian and LAN (Point A). 
The scale and direction of measurement along the meridian should be chosen so as 
to make a good cut with the course line. 

(4) In a similar manner, locate Point B on another meridian, reversing the direc- 
tion of measurement along the meridian if the sequence of LAN and ETA at the 
second meridian is reversed. 

(5) Connect A and B, extending the line if necessary until it intersects the course 
line at the LAN position. 

(6) The ETA at the LAN position is the time of LAN at the aircraft. 

Answer.—LAN 12°12”. 

The GHA method of finding the time of meridian passage is applicable to any 
body, but in the case of a star, the longitude used is that to the east of the actual longi- 
tude by the amount of the star’s SHA, and GHAY is used in the computation. 

2207. The noon fix.—The azimuth of a body changes most rapidly when the body 
is near the meridian, enough to give a good cut to lines of position from observations 
within a few minutes of noon if the altitude is high. Table 2207 gives for various 
altitudes the angle between lines of position taken before and after transit. Thus, if 


538 SPECIAL METHODS 


TABLE 2207.—A pprozimate angles between sun lines of position before and after LAN 


Minutes before and after LAN 
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17 23 29 34 39 45 50 55 59 64 
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15 23 30 37 44 51 57 63 69 74 79 


EE eS | | | ES | | |S |S | |S | | 
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13 25 36 48 58 67 76 83 90 83 77 72 
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14 28 41 53 63 73 82 90 83 77 71 66 


16 31 44 59 70 81 90 82 75 69 64 59 


18 36 52 66 79 89 82 74 67 61 56 51 


22 42 60 76 89 80 71 64 58 52 48 43 


27 51 72 88 79 68 60 53 47 42 38 35 


cr cc re | rrr fence | cm | cee | ee | ee | ce | mes | | ED 


35 65 88 75 63 54 46 4] 36 32 29 
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the altitude at transit is 70°, sights taken 44™ before noon and 44™ after noon will 
result in a 59° cut between the two resulting lines of position. If sights of the sun 
are taken at LAN and 20” before and after, a fix such as that shown in figure 2207 
may result. 

2208. High altitude observations.—As explained in article 1711, a celestial line 
of position is essentially a small part of a circle of equal altitude having the geographical 
position of the observed body as its center. The radius of the circle is equal to the 
zenith distance (90° — Ho) of the body. 

For medium and low altitudes the radius is so long that a small part of the circle 
is assumed to be a straight line. For altitudes near 90° this assumption is not valid 
and the high altitude method of plotting the line of position should be used. This 
situation arises when the latitude of the observer is nearly the same as the declination 
of the body observed, and the body is near the celestial meridian of the observer. Thus, 
the GP of the sun on 19 June 1955, when the declination is 23°25’ N, will pass within 
95 miles of an observer at L 25° N. By measuring the altitude a few minutes before 
and a few minutes after upper transit, the observer can obtain a fix from one body. 
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Ficure 2207.—A fix can be obtained near noon as the azimuth changes. 
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FicurRE 2208,.—A fix by the high altitude method. To advance a line, advance the GP. 


691-651°—63 35 
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TABLE 2207.—A pprozimate angles between sun lines of position before and after LAN 


Minutes before and after LAN 





the altitude at transit is 70°, sights taken 44™ before noon and 44™ after noon will 
result in a 59° cut between the two resulting lines of position. If sights of the sun 
are taken at LAN and 20” before and after, a fix such as that shown in figure 2207 
may result. 

2208. High altitude observations.—As explained in article 1711, a celestial line 
of position is essentially a small part of a circle of equal altitude having the geographical 
position of the observed body as its center. The radius of the circle is equal to the 
zenith distance (90° — Ho) of the body. 

For medium and low altitudes the radius is so long that a small part of the circle 
is assumed to be a straight line. For altitudes near 90° this assumption is not valid 
and the high altitude method of plotting the line of position should be used. This 
situation arises when the latitude of the observer is nearly the same as the declination 
of the body observed, and the body is near the celestial meridian of the observer. Thus, 
the GP of the sun on 19 June 1955, when the declination is 23°25’ N, will pass within 
95 miles of an observer at L 25° N. By measuring the altitude a few minutes before 
and a few minutes after upper transit, the observer can obtain a fix from one body. 
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FicurReE 2207.—A fix can be obtained near noon as the azimuth changes. 
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Figure 2208.—A fix by the high altitude method. To advance a line, advance the GP. 
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Exzample.—On 19 June 1955 the GMT 2240 DR position of an aircraft is L 23°29’ 
N, A 163°43’ W. The aircraft is on course 118°, PGS 210K. The navigator observes 
the sun near LAN, as follows: 


GMT Seztant altitude 
22"52™108 89°21’ 
225587278 88°23’ 


Required.—The GMT 2300 fix. 
Solutton.—(1) The coordinates of the geographical position of a body are the 
body’s GHA and declination. Compute the GP’s of the sun at the times of the two 


observations. | 
First sight Second sight 


GMT 22°52710° June 19 22"58™27° 
2250™ 162°13/ 22"50™ 162°13’ 
27105 33/ 8™275 2°07’ 
GHA Oo 162°46’ GHA © 164°20’ 
d 23°26’ N d 23°26’ N 
(2) Plot both GP’s. 
First sight Second sight 
L 23°26’ N (declination) L 23°26’ N 
 162°46’ W (GHA)  164°20’ W 


(3) To allow for the motion of the aircraft from the time of each sight to 2300, 
advance each GP in the direction of the course for the distance traveled by the aircraft 
between the time of observation and 2300. Then move each GP 2 miles in direction 
208° to allow for Coriolis. 

(4) With each adjusted GP as a center, swing an arc having a radius equal to the 
zenith distance of the corresponding sight. In this example the correction for refraction 
is zero and hs= Ho. 





First sight Second sight 
90°00’ 90°00’ 
Ho 89°21’ 88°23’ 
2 39’ 137 
or 39 mi. 97 mi. 


(5) That intersection of these arcs nearest to the DR is the 2300 fix. Usually there 
is no doubt as to which of the two intersections represents the position of the aircraft. 
A third line, adjusted to the time of the fix, or measured azimuths at the time of obser- 
vation, should resolve any ambiguity. 

Answer.—GMT 2300 fix: L 22°37’ N, » 162°41’ W. 


Problems 


2203. Given.—On 18 June 1955 the GMT 0305 estimated longitude of an aircraft is 
35°42’ W. The aircraft is on TC 090°, TAS 400K, flying at a height of 23,000 feet. 
Polaris is observed with a bubble sextant: hs 54°07’. 

Required.—The latitude before and after applying Coriolis correction, using The 
Air Almanac. 

Answer.—L 54°29’ N and L 54°21’ N. 

2204. Given.—LHAT 249°. 

Required.—The polaris correction, using The Air Almanac. 

Answer.—Polaris correction (+)43’. 
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2205a. Given.—A navigator observes the star Vega on the meridian, bearing 
north: Ho 37°41’, declination 38°44’ N. 

Required.—The latitude. 

Answer.—L 13°35’ S. 

2205b. Given.—On a flight from the Azores to Savannah, a navigator observes 
the sun on the meridian, bearing south: Ho 32°12’, declination 16°32’ S. 

Required.—The latitude. 

Answer.—L 41°16’ N. 

2205c. Given.—On a great circle flight from Seattle to Stockholm the navigator 
observes the star Arcturus as it transits the lower branch of the meridian: Ho 3°12’, 
declination 19°26’ N. 

Required.—The latitude. 

Answer.—L 73°46’ N. 

2206a. Given.—On 20 June 1955 a student navigator at Chevalier Field (L 30°21’ 
N, \ 87°17’ W) desires to find the zone time of LAN. 

Required.—GMT and zone time of LAN, and sun’s declination. 

Answer.—GMT 17°50™28°, ZT 11°50™28°, declination 23°26’ N. 

2206b. Given.—The estimated longitude of an aircraft on 19 June 1955 at 1200 
zone time will be 24°17’ E. The course is 180°, TAS 300K. 

Required.—The zone time of LAN. 

Answer.—ZT 12°23™56°. 

2206c. Given.—On 18 June 1955 the GMT 0330 fix of an aircraft on a flight 
from Kuala Lumpur, Malaya, to Sasebo, Japan, is L 30°14’ N, ¥ 127925’ E. The 
aircraft is on course 042°, TAS 300K, height 17,000 feet, temperature (—) 18°C. 

Required.—The GMT and ZT of LAN at the aircraft. Solve by plotting on a 
small area plotting sheet for mid latitude 30° N and mid longitude 128° E. 

Answer.—GMT of LAN 3°30™54°, ZT of LAN 12530™54°. 

2206d. Given.—On 19 June 1955 the 1150 ZT position of an aircraft enroute 
from Townsville, Australia, to Pago Pago, Samoan Islands, is L 30°56’ S, \ 179°06’ E. 
TC 075°, PGS 320K. 

Required.—GMT and ZT of LAN at the aircraft (1) by graphical method (con- 
struct a small area plotting sheet for Lm 30° S, Am 180°), (2) by GHA method of first 
estimate—second estimate. 

Answers.—(1) and (2) GMT of LAN 0°00723°, 19 June 1955; ZT of LAN 12"00™238, 
18 June 1955. 

2207a. Given.—On 20 June 1955 a navigator determines the ZT of LAN to be 
11"32™52° at L 48°14’ N, » 127°53’ W. 

Required.—At what GMT must he take observations of the sun to obtain a “cut” 
of 41° in his LOP’s. 

Answer.—GMT 19°56™52° and GMT 21087523, 

2208. Given—On 20 June 1955 the GMT 2000 DR position of an aircraft 
bound from Tanarive, Madagascar, to Aden is L 17°06’ S, \ 47°44’ E. TC 358°, 
PGS 300K. The navigator observes the star Sabik bearing north before and after 
transit of the observer’s meridian, as follows: 


GMT Sextant altitude 
19°58™308 88°25’ 
20°06™10° 89°10’ 


Required.—The GMT 2000 fix. 
Answer.—2000 fix, L 16°31’ S, \ 47°52’ E. 
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Example.—On 19 June 1955 the GMT 2240 DR position of an aircraft is L 23°29’ 
N, A 163°43’ W. The aircraft is on course 118°, PGS 210K. The navigator observes 
the sun near LAN, as follows: 


GMT Sezxtant altitude 
225527108 89°21’ 
22°58"27° 88°23’ 


Required.—The GMT 2300 fix. 
Solution—(1) The coordinates of the geographical position of a body are the 
body’s GHA and declination. Compute the GP’s of the sun at the times of the two 


observations. : 
First sight Second sight 


GMT 22552710" June 19 22°58™27° 
22"50™ 162°13’ 22°50™ 162°13’ 
27108 33° 8™275 2°07’ 
GHA oO 162°46’ GHA O 164°20’ 
d 23°26’ N d 23°26’ N 
(2) Plot both GP’s. 
First sight Second sight 
L 23°26’ N (declination) L 23°26’ N 
X 162°46’ W (GHA) 164920’ W 


(3) To allow for the motion of the aircraft from the time of each sight to 2300, 
advance each GP in the direction of the course for the distance traveled by the aircraft 
between the time of observation and 2300. Then move each GP 2 miles in direction 
208° to allow for Coriolis. 

(4) With each adjusted GP as a center, swing an arc having a radius equal to the 
zenith distance of the corresponding sight. In this example the correction for refraction 
is zero and hs= Ho. 





First sight Second sight 
90°00’ 90°00’ 
Ho 89°21’ 88°23’ 
2 39’ 1°37’ 
or 39 mi. 97 mi. 


(5) That intersection of these arcs nearest to the DR is the 2300 fix. Usually there 
is no doubt as to which of the two intersections represents the position of the aircraft. 
A third line, adjusted to the time of the fix, or measured azimuths at the time of obser- 


vation, should resolve any ambiguity. 
Answer.—GMT 2300 fix: L 22°37’ N, » 162°41’ W. 


Problems 


2203. Given.—On 18 June 1955 the GMT 0305 estimated longitude of an aircraft is 
35°42’ W. The aircraft is on TC 090°, TAS 400K, flying at a height of 23,000 feet. 
Polaris is observed with a bubble sextant: hs 54°07’. 

Required.—The latitude before and after applying Coriolis correction, using The 
Air Almanac. 

Answer.—L 54°29’ N and L 54°21’ N. 

2204. Given.—LHAT 249°. 

Required.—The polaris correction, using The Air Almanac. 

Answer.—Polaris correction (+)43’. 
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2205a. Given.—A navigator observes the star Vega on the meridian, bearing 
north: Ho 37°41’, declination 38°44’ N. 

Required.—The latitude. 

Answer.—L 13°35’ S. 

2205b. Given.—On a flight from the Azores to Savannah, a navigator observes 
the sun on the meridian, bearing south: Ho 32°12’, declination 16°32’ S. 

Required.—The latitude. 

Answer.—L 41°16’ N. 

2205c. Given.—On a great circle flight from Seattle to Stockholm the navigator 
observes the star Arcturus as it transits the lower branch of the meridian: Ho 3°12’, 
declination 19°26’ N. 

Required.—The latitude. 

Answer.—L 73°46’ N. 

2206a. Given.—On 20 June 1955 a student navigator at Chevalier Field(L 30°21’ 
N, \ 87°17’ W) desires to find the zone time of LAN. 

Required.—_GMT and zone time of LAN, and sun’s declination. 

Answer.—GMT 17°50™28', ZT 11°50™28°, declination 23°26’ N. 

2206b. Given.—The estimated longitude of an aircraft on 19 June 1955 at 1200 
zone time will be 24°17’ E. The course is 180°, TAS 300K. 

Required.—The zone time of LAN. 

Answer.—ZT 12°23™56°. 

2206¢. Given.—On 18 June 1955 the GMT 0330 fix of an aircraft on a flight 
from Kuala Lumpur, Malaya, to Sasebo, Japan, is L 30°14’ N, A 127°25’ E. The 
aircraft is on course 042°, TAS 300K, height 17,000 feet, temperature (—) 18°C. 

Required.—The GMT and ZT of LAN at the aircraft. Solve by plotting on a 
small area plotting sheet for mid latitude 30° N and mid longitude 128° E. 

Answer.—GMT of LAN 3530754°, ZT of LAN 12°30™54°5. 

2206d. Given.—On 19 June 1955 the 1150 ZT position of an aircraft enroute 
from Townsville, Australia, to Pago Pago, Samoan Islands, is L 30°56’ S, \ 179°06’ E. 
TC 075°, PGS 320K. 

Required.—GMT and ZT of LAN at the aircraft (1) by graphical method (con- 
struct a small area plotting sheet for Lm 30° S, Am 180°), (2) by GHA method of first 
estimate—second estimate. 

Answers.—(1) and (2) GMT of LAN 0°00™23°, 19 June 1955; ZT of LAN 12°00™23°, 
18 June 1955. 

2207a. Given.—On 20 June 1955 a navigator determines the ZT of LAN to be 
115327528 at L 48°14’ N, A 127°53’ W. 

Required.— At what GMT must he take observations of the sun to obtain a “‘cut”’ 
of 41° in his LOP’s. 

Answer.—GMT 19°56™52° and GMT 21508™528, 

2208. Given.—On 20 June 1955 the GMT 2000 DR position of an aircraft 
bound from Tanarive, Madagascar, to Aden is L 17°06’ S, \ 47°44’ E. TC 358°, 
PGS 300K. The navigator observes the star Sabik bearing north before and after 
transit of the observer’s meridian, as follows: 


GMT Seztant altitude 
19°58™308 88°25’ 
20°06™10° 89°10’ 


Required.—The GMT 2000 fix. 
Answer.—2000 fix, L 16°31’ S, \ 47°52’ E, 


CHAPTER XXIil 
COMPLETE SOLUTION BY VARIOUS METHODS 


Sight Reduction Tables for Air Navigation, H.O. Pub. No. 249 


2301. Introduction.—Many methods of solving the navigational triangle have 
been devised. Two of these have already been explained; the cosine-haversine method 
(art. 1709) and the H.O. 249 method (ch. XX). In this chapter a complete solution is 
given by H.O. 249, first of a star sight and then one of the sun. The same problems 
are then solved by several other methods in use by American navigators, to permit 
comparison. ‘The results are tabulated below and are plotted in figure 2301. 


TaBLE 2301.—-Comparison of reduction methods 


Star observations 





Method a | Zn | aL ar 
ON 249 Voliele cece osu basse 21 T 207° 30°00’ N 86°24’ W 
aes eae Se a ve 14 T 207° 30°00’ N 86°41’ W 
Oe 20656 aan Sena eee 13.9 T 207.0° 30°00’ N 86°41’ W 













H. O. 249 Vol. II___..--------_--_-- 30°00’ 8 113°24’ E 
HO. 218. ssi eu sees es: 9T 333° 30°00’ S 113°24’ E 
He 0221455 o seed o coe eieied 9.9T 333°0 30°00’ S 113°24’ EB 
Hy Oe 20 foe ee els Boe Se a 29°50’ S 113°07’ E 





From the solutions which follow, these conclusions can be drawn: 1. Essentially 
the same line of position results, regardless of the method of solution. 2. The methods 
vary considerably in arrangement, size, and the amount of effort needed in the solution. 
3. In some of the methods any geographical position, such as the DR, can be con- 
venicntly used as an assumed position, while in others the use of an assumed position 
selected according to specified rules results in considerable saving of effort. 

Most modern methods are based upon the method of Marcq Saint-Hilaire, (Adolphe- 
Laurent-Anatole Marcq de Blonde de Saint-Hilaire, (1832-1889), an Admiral of the 
French Navy). In this method, the difference between the computed and observed 
altitudes of a body gives the distance of a line of position from a specified geographical 
position. 

2302. Complete solution by H.O. 249 (Vol. I).— 

Example.—On 19 June 1955 the ZT 2035 DR position of an aircraft 1s L 30°18’ 
N, A 86°30’ W. Spica is observed with a bubble sextant, as follows: W 8°36™04° pM, 
WE on ZT (F) 378, hs 41°50’, IC 0’, height 16,000 feet, outside air temperature (— ) 
40° C, TC 080°, PGS 250K. 
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87°W 86°W NIZE 
Tc 080 2035 OR 
PGS 259 HO 249 


HO 208 





FicurRE 2301.—Comparative plots by various methods. The various solutions produce essentially 
the same line. 


Required.—Altitude difference (a), azimuth (Zn), assumed position (AP), plot 
of the LOP. Use H. O. 249, Vol. I. 








Solution.— 
Spica a ae 
W  8°36"04° pm June 19 IC. == ~ “es 
WE (F)_ 378 Refr. 1’ 
ZT = 20°35™278 corr.  (—)I1’ 
ZD (+)6 hs 45°25’ 
GMT ~~ 283527 June 20 Ho — 45°24’ 
2°30 305°02’ 
9727" 1°22’ 
GHAT 306°24’ 
an 86°24’ W 
LHAT — 220°00’ 
aL 30°00’ N 
He 45°03’ 
Ho 45°24’ 
a ~—”-—sCTDIT AP aL 30°00’ N 
Zn 207° ar 86°24’ W 


See figure 2301 for plot. 


Volume I is entered with lat. 30° N, LHAY 220°, and the name of the star. 

2303. Complete solution by H.O. 249 (Vol. ID.— 

Example.—On 19 June 1955 the GMT 0608 DR position of an aircraft is L. 29°50’ 
S, 4 113°07’ E. The sun is observed with a bubble sextant having no index correction, 
as follows: GMT 6°07™24°, hs 31°37’, height 23,000 feet, outside air temperature 
(—)28° C, TC 240°, PGS 180K. 

Required.—a, Zn, and AP, using H. O. 249, Vol. II. Plot the LOP. 
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Solution.— 
Sun + © — 
GMT 607724" June 19 Ic — — 
65007 269°45/ Refr. 1’ 
7724 1°51’ corr. (—) 1’ 
GHA 271°36/ hs 31°37’ 
an 113°24’ E Ho 31°36’ 
LHA 25°00’ 
d 23°25’ N 
aL 30°00’ S 
ht 31°49’ d (—) 54 Z 8S 153° W 
corr. (—) 22 (tab. ITI) 
He 31°27’ 
Ho 31°36’ 
a 9T AP aL30°00'S 
Zn 333° ar 113°24’ E 


See figure 2301 for plot. 
Volume II is entered with lat. 30°, dec. 23° contrary name, and LHA 25°. 


Astronomical Navigation Tables, H.O. Pub. No. 218 


2304. Description.—These tables consist of 14 volumes lettered A through P 
(omitting I and QO). The set covers latitudes from 69° N to 69°S, each volume containing 
data for 5° of latitude, north or south. Thus, only volume G need be carried if a flight 
remains within latitude 30° to 34° north or latitude 30° to 34° south. (See app. J.) 

Each volume contains two major sections. The first contains tabulated data for 
22 selected stars chosen for brightness and distribution in thesky. Altitude and azimuth 
angle of each star is given for various values of meridian angle and for the latitude 
within the band of the volume. The pages for each star are indexed according to the 
star’s number. 

The tabulated altitude values are those for the year 1940. Corrections to make 
them applicable to any year to 2000 are given in table I, which is entered with the year 
and the change ¢ of the star with time, which is given in the main tabulation abreast 
the altitude value for each star. The value from table I is applied to the tabulated 
altitude in accordance with the sign of the corresponding f¢. 

The second major section gives data similar to those in the first, except that whole 
degrees of declination replace the star numbers as an entering argument and d, a declina- 
tion interpolation factor, replaces ¢. Declinations from 0° to 29° north or south are 
included in 1° increments. For each degree of declination there are two divisions, one 
giving altitude and azimuth angle when latitude and declination have the same name and 
the other giving similar information when they are of contrary name. Provision is made 
for interpolating for declinations between those tabulated. 

Each volume also contains auxiliary tables of assistance to a navigator, such as 
tables for converting arc to time, interconverting Fahrenheit and Celsius tempera- 
tures, and for finding the range to a distant object for various angles of elevation or 
depression. 

The tabulated values of altitude allow for normal refraction for an observation at 
a height of 5,000 feet. If the observation is taken at this altitude, no refraction correc- 
tion is needed. If the height is other than 5,000 feet, the correction for refraction is 
made by means of table VI (H.O. 218) or table B on the back cover of The Air Almanac. 

2305. Solution for star observation.— 

Example.—On 19 June 1955 the ZT 2030 DR position of an aircraft is L 30°18’ 
N, 4 86°30’ W. Spica is observed with a bubble sextant, as follows: W 8°36™04° pM, 
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045 


WE on ZT (F) 37°, hs 45°25’, IC 0’, height 16,000 feet, outside air temperature 
(—)40° C, TC 080°, PGS 250K. 




















Required.—a, Zn, and AP, using H. O. 218, star section. Plot the LOP. 
Solution.— 
Spica (No. 21) + ~*~ — 
Ww 8536™04° pm June 19 Ic — — 
WE (F) 37° Refr. 0’ 
ZT 20535™278 corr. 0’ 
ZD (+) 6 |. hs 45°25’ 
GMT 2535™27* June 20 Ho 45°25’ 
2>30™ 305°02’ 
5™27° 1°22’ 
GHAYT 306°24’ 
SHAs 159°17’ 
GHA 105°41’ 
ar 86°41’ W 
LHAy 19°00’ 
aL, 30°00’ N 
ht. 45°15" t(—) 17 ZN 153° W 
corr. (—)4’ (tab. I) 
He 45°11’ 
Ho 45°25’ 
a 14 T AP aL 30°00’ N 


207° ad 86°41’ W 


Zn 
See figure 2301 for plot. 
The star section of the table is entered with number 21 (Spica), lat. 30° (top) 
and H.A. 19° (side). The azimuth angle can be converted to azimuth (1) mentally, 
(2) by following the rules at the bottom of the star table, or (3) by means of table III. 
2306. Solution of sun observation—The H.O. 218 method of solution of an 
observation of the sun, the moon, a planet, or additional stars within the declination 
range is similar to that of H.O. 249. 
Example.—On 19 June 1955 the GMT 0608 DR position of an aircraft is L 29°50’ 
S, 4 113°07’ E. The sun is observed with a bubble sextant having no index correction, 
as follows: GMT 6°07724°, hs 31°37’, height 23,000 feet, outside air temperature 
(—) 28° C, TC 240°, PGS 180K. 


Required.—a, Zn, and AP, using H.O. 218, declination section. Plot the LOP. 
Solution.— 
— Sun + O - 
GMT 6°07™24°® June 19 Ic — — 
6"00"™ 269°45’ Refr. 0’ 
724° 1°51’ corr. 0’ 
GHA 271°36’ hs 31°37’ 
an 113°24’ E Ho 31°37’ 
LHA 25°00" 
d 23°25’ N 
aL 30°00’ S 
ht 31°50’ sd (—) 54 ZS 153° W 
corr. (—)22’ (tab. XV) 
He 31°28’ 
Ho 31°37" 
a 9 T AP aL 30°00’ S 
Zn 333° ar 113°24’ EB 


See figure 2301 for plot. 
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The declination section of H. O. 218 is entered on the page for the whole degree of 
declination (23°) next smaller than the declination of the sun (same name part) with 
assumed latitude 30° and H. A. 25°. Zis converted to Zn mentally,by the rules at the 
bottom of the page, or by table ITI. 


Tables of Computed Altitude and Azimuth, H.O. Pub. No, 214 


2307. Description.—This publication covers all latitudes from 89° N to 89° S in 
increments of 1°. It is printed in 9 volumes, each applicable to 10° of latitude north 
and south. Altitude to the nearest 0‘1 and azimuth angle to the nearest 0°1 are given 
for each whole degree of latitude and meridian angle at declination increments of 30’ 
to 29° and beyond this at irregular intervals (always a whole degree or half degree) to 
accommodate all stars listed in The Air Almanac. The minimum altitude tabulated is 
about 5°. These tables are the most. comprehensive obtainable for the accurate re- 
duction of the marine navigator’s celestial observation and the resulting establishment 
of the line of position. (See app. G.) 

The tables are designed primarily to be used with an assumed position at a whole 
degree of latitude and a longitude such that the meridian angle (H. A. in the tables) is 
also a whole degree. Provision is made for interpolating for intermediate values of 
declination, meridian angle, and latitude. By interpolation, the altitude and azimuth 
angle of any navigational celestial body can be obtained for any geographic position. 

Following the altitude and azimuth tabulations for each degree of latitude is a 
two-page Star Identification Table. This table is entered with latitude, altitude, and 
azimuth angle (Az). Declination and meridian angle (H. A.) are extracted. Meridian 
angle can be converted to GHA and the body identified by means of an almanac or 
star chart, as explained in article 2415. 

2308. Solution by H.O. 214.— 

Example.—On 19 June 1955 the GMT 0608 DR position of an aircraft is L 29°50’ 
S, \ 113°07’ E. The sun is observed with a bubble sextant having no index error, as 
follows: GMT 6°07™24°, hs 31°37’, height 23,000 feet, outside air temperature (—) 28° 
C, TC 240°, PGS 180K. 

Required.—a, Zn, and AP, using H.O. 214. Plot the LOP. 


Sun + ©O — 

GMT  6°07™24® ~=June 19 Ic — — 
6"00™ 269°45’ Refr. I’ 
7724° 1°51’ corr. (—) 1’ 
GHA = 271°36' hs 31° 37’ 
ar 113°24’ E Ho 31° 36’ 


LHA 25°00’ 
t 25°00’ W 
d 23°25’ N d diff. 5/0 
al, 30°00’ S 
ht 31°2176 Ad (+) 0.90 ZS 153°0 W 
corr. (+) 45 (Multiplication Table) 
He 31°26/1 


Ho 31°36" 
a 99T AP aL 30°00’S 
Zn 333°0 ar 113°24’ EB 


See figure 2301 for plot. 
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The latitude 30° section of volume IV (L 30° to L 39° N orS) is entered at the page 
containing the nearest declination (23°30’ contrary name) and meridian angle (H. A.) 
25°. The “‘d diff” is the difference between the actual and the tabulated declination. 
The tabulated altitude ht, shown as Alt., is corrected for the change in altitude due to 
the difference between the actual and the tabulated declinations. The value Ad gives 
this correction for each 1/0 of declination (d diff). The ht correction is AdX<d diff. 
The sign of Ad is the same as the change in altitude as declination changes from the 
entering value to the actual value for the body. A Multiplication Table at the back of 
each volume is provided to perform the multiplication of Ad Xd diff. 

The At values given between Ad and Az. are provided to facilitate interpolation 
for meridian angle when an assumed position is selected that does not result in ¢ being 
a whole degree. Interpolation for meridian angle using At is the same as for declination 
using Ad. An additional table near the back of each volume provides a quick solution 
for latitude interpolation. By the use of all three interpolations (¢, d, and L), an ob- 
servation can be solved for any desired position, including the DR. 


Dead Reckoning Altitude and Azimuth Table (Ageton), H.O. Pub. No. 211 


2309. Description.—This volume is smaller than most navigation tables, consisting 
of only 36 pages. Yet any navigational triangle can be solved with it, without limita- 
tions. The solution is achieved by dividing the triangle into two spherical right tri- 
angles whose common side is a perpendicular (2) from the body to the celestial merid- 
ian of the observer. Altitude and azimuth angle to the nearest 0/5 are obtained by 
means of four equations: 


(1) ese R=cse t secd 
(2) ese Kc d 








~ sec PP 
(3) esc He=sec Ff sec (K~L) 
escl? 
(4) ese Z ~ sec He 


This table gives log cosecants (column A) and log secants (column B) for each 075 
from 0° to 180°, with the decimal points eliminated. Tabulated values are extracted 
without interpolation. In the above equations, K is the latitude of the foot of the per- 
pendicular from the body and hence takes the same name (N or S) as the declination. 
The quantity K~L is the difference of latitude of K and L. It is found by subtracting 
the smaller from the larger if these have the same name and by adding if they have 
contrary names. Extracts from this table are given in appendix H. 

With this method the solution is not simplified appreciably by selecting an assumed 
position resulting in whole degrees of latitude and meridian angle. For this reason the 
DR position is customarily selected as the AP. 
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2310. Complete solution by H. O. 211.— 

Ezxample.—On 19 June 1955 the GMT 0608 DR position of an aircraft is 
L 29°50’ S, \ 113°07’ E. The sun is observed with a bubble sextant having no index 
correction, as follows: GMT 6°07™24°, hs 31°37’, height 23,000 feet, outside air temper- 
ature (—) 28° C, TC 240°, PGS 180K. 

Required.—a, Zn, and AP, using H. O. 211. Plot the LOP. 





Solution.— 
Sun Her Gs en 
GMT 6507724" June 19 Ic — — 
6°00™ 269°45’ Refr. 0’ 
77248 1°51’ corr. (—)0’ 
GHA 271°36" hs 68°15’ 
DR 113°07’ E Ho 68°15’ 
LHA 24°43’ Add Subtract Add Subtract 
t 24°43’ W ~—s A 37869 a 
d 23°25’ N B 3733 <A 40076 
| re: A 41602 B 3457 B 3457 A 41602 
K 25°29/5 N A 36619 
DR L 29°50/0 S 
K~L 55°19/5 B 24495 
He 31°4125 A 27952 B 7013 
Ho 31°36’ Z S$ 153°12’ W A 34589 
a 5.5 A aL 29°50’ S 
Zn 33322 any 113°07’ E 


See figure 2301 for plot. 


Navigation Tables for Mariners and Aviators (Dreisonstok), H.O. Pub. No. 208 


2311. Description.—Solution by this method is accomplished by dividing the 
navigational triangle into two right spherical triangles having as the common side 
a perpendicular from the zenith to the hour circle through the body. The two right 
triangles are then solved for He and two values which are combined to produce Z. 

The method is intended for use with an assumed position at a whole degree of 
latitude, and a longitude selected so that LHA is also a whole degree. 

2312. Complete solution by H.O. 208.— 

Ezample.—On 19 June 1955 the ZT 2035 DR position of an aircraft is L 30°18’ 
N, A 86°30’ W. Spica is observed with a bubble sextant, as follows: W 8°36™04® pM, 
WE on ZT (F) 378, hs 45°25’, IC 0’, height 16,000 feet, outside air temperature (—)40° 
C, TC 080°, PGS 250K. 

Required.—a, Zn, and AP, using H. O. 208. Plot the LOP. (Use app. I.) 
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Solution.— 
Spica eo ee 
WwW 8°36704° pm June 19 IC — —- 
WE (F) 378 Refr. 1’ 
ZT 20°35™278 corr. (—)1’ 
ZD (+)6 hs 45°25’ 
GMT 2535™27" June 20 Ho 45°24’ 
2b30™ 305°02’ 
S20" 1°29" 
GHA? 306°24’ 
SHAs% 159°17’ 
GHAs 105°41’ 
an 86°41’ W 
LHAS 19°00’ 
t 19°00’ W 
aL 30°00’ N d 10°56/08S 
6 58°35/5 N A 1798 C 550 2’ 80°2 N 
d+6 47°39/5 N B 13127 D 9960 2’ 72°8 N 
He 45°10/1 A+B 14925 C+D 10510 Z N 153290 W 
Ho 45°24'0 
a 13/9 T AP aL 30°00’ N 
an 207°0 ar 86°41’ W 


See figure 2301 for plot. 


Notes on solution: (1) Enter table I with t and aL. Pick out 6, A, C, and Z’. If t 
is less than 90°, 6 takes the name of the latitude. If ¢is greater than 90°, 6 takes the 
contrary name to latitude. Z’ takes the name of 6. 

(2) Combine b and d, adding if they have the same name and subtracting if of 
contrary name. The sum (d+) takes the name of both or of the larger. 

(3) With (d+6) enter table II and pick out B and D. Add A to B and C to D. 

(4) Enter the B column of table II with (A+B) and pick out He from the top 
and left. 

(5) Enter the D column of table II with (C+D) and pick out Z’’ from the top 
and “Corr. Z” column at the right. Z’’ takes the name of (d+6). When C+D 
exceeds 9999, drop the first digit. 

(6) Combine Z’ and Z’’, adding if of like names and subtracting if of unlike names. 

(7) Z (the azimuth angle) takes the names of the latitude and t. 


Problem 


Given.—On 19 June 1955 an aircraft is on patrol northwest of the Hawaiian 
Islands. The 2000 DR position is L 30°09’ N, X 179°44’ E, TH 030°, calibrated air 
speed 270K, outside air temperature (—) 48° C, pressure altitude 18,000 feet. The 
navigator observes three stars with a periscopic sextant having no index correction, 
with the following results: 


ZT hs 
Spica__.______-_----------- 1956 49°00’ 
Rasalhague________--_---_-- 2000 34°52’ 
AMUACS ode eee 2004 22°01’ 
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Required.—(1) Plot and record the 2000 fix by H.O. 249. 

Given.—At 2015 the TH is changed to 050°, maintaining TAS 338K. At 20°19™40° 
the star Denebola is observed: hs 53°13’; and at 20°25710° Polaris: hs 31°06’. 

Required.—(2) Record the local date. (3) Plot the 2020 Denebola line, solving 
by H.O. 211 and using the 2020 DR position as the AP. 

Given.—At the time of the Denebola observation the true heading is 052° and the 
compass heading is 048°. The variation is 5° E. 

Required.—(4) Compass deviation. (5) Retire the 2025 Polaris line to 2020 and 
record the 2020 fix. 

Given.— At 2030 the CH is changed to 090°. Var. 5° E, dev. 1° W. 

Required.—(6) Plot and record the 2045 NW position. 

Given.—At 20°40™37® the planet Saturn is observed: hs 43°38’; and at 20°45™00° 
Regulus is observed: hs 23°24’. 

Required.—(7) Plot and record the 2045 fix, using H.O. 208 for solution of the 
observations. (8) The average wind since 2020 fix. 

Given—At 2050 the TH is changed to 196°. 

Required.—(9) Plot and record the 2100 DR position. 

Given.—At 2110 course will be changed for Midway Island, L 28° 12’ N, d 177° 
23’ W, and ground speed reduced to 180K. 

Required —(10) The TH to Midway Island from 2110 DR position. 

Given.—At 2110 the course and speed are changed for Midway as scheduled above. 
At 21°04™06° Saturn is observed: hs 45°12’; and at 21°08™22* Denebola is observed: 
hs 41°21’. 

Required.—(11) Plot and record the 2110 fix, using H. O. 249, Vol. II, for sight re- 
duction. (12) The TH to Midway from the adjusted 2115 DR. (13) The ETA at 
Midway. 

Given.—At 2115 the course is adjusted for Midway. However, weather is bad 
and at 2120 course is changed to 075°, TAS 180K. Since letdown will be on instru- 
ments, and the destination is small, the navigator has his assistant take a round of 
stars before entering the undercast. 


Body ZT hs 
ANCG8CS jist Sou eee 2131 32°29’ 
OP ICG kaw een seetectanens 2135 37°57’ 
Regulus_..._..._____.------ 2139 10°06’ 


Required.—(14) Plot and record the 2135 fix, using H.O. 214 or H.O. 218 for solu- 
tion of the observations. (15) The TC to Midway at 2145. (16) The ETA at Midway. 


Answers.—(1) 2000 fix, L 30°09’ N, A 179°44’ E; (2) 18 June 1955; (3) Plot; 
(4) Deviation 3° W; (5) 2020 fix, L 31°39’ N, 4 179°01’ W; (6) 2045 NW, L 32°09’ N, 
 176°30’ W; (7) 2045 fix, L 32°04’ N, X 176°40’ W; (8) WV 057°/24K; (9) 2100 DR 
L 31°05’ N, ¥ 176°31’ W; (10) TH 189°; (11) 2110 fix, L. 30°09’ N, » 176°54’ W; (12) 
TH 187°; (13) ETA 2150; (14) 2135 fix, L 29°45’ N, \ 176°09’ W; (15) TC 223°: (16) 
ETA 2225. 


CHAPTER XXIV 
STAR IDENTIFICATION 


2401. Introduction.—If the navigator is to use the various celestial bodies for 
determining position and direction, he must be able to identify them. The sun and 
moon pose no problem, but the various stars and planets look very much alike. 

At first the task of learning the myriads of stars may seem an impossible assign- 
ment. By means of the 200-inch telescope on Palomar Mountain about two hundred 
billion individual stars can be observed photographically. But without the aid of a 
telescope only about 6,000 stars on the whole celestial sphere can be seen, and since 
the dimmer stars are not visible when near the horizon, only about 2,500 can be seen 
at one time. Good eyes and a dark, moonless night are needed to see this number. 
But if it were necessary to learn all of these, the task would still be a large one. Since 
only a few stars are used at any one time, the navigator need know only several dozen 
of the brightest, and various memory aids are available to assist him. 

2402. Stellar magnitude.—A quick look at the sky on a dark night is sufficient to 
impress one with the great difference in brightness of stars. The relative brightness is 
stated as the magnitude. Ptolemy originated the system of magnitudes in the second 
century after Christ. He divided the stars into several groups, the brightest being 
designated first magnitude, the next brightest group second magnitude, and so on 
until the dimmest group he could see was designated sixth magnitude. 

Modern man desired to be more specific in defining his magnitudes. Since we 
receive about 100 times as much light from a first magnitude star as from one of the 
sixth magnitude, this relationship has been established as standard. Hence, the light 
received from stars separated by one magnitude is 2.512, the fifth root of 100. That 
is, 2.512 multiplied by itself 5 times is 100. The number 2.512 is called the magnitude 
ratio. 

Astronomers usually express magnitude to the nearest 0.1, about the least differ- 
ence that can be detected by the unaided eye, and occasionally to the nearest 0.01. 
The largest telescopes cin detect stars of about the 21st magnitude. The brightest 
star, Sirius, has a magnitude of (—) 1.6 and Venus at greatest brilliancy is brighter 
than (—) 4. Navigators customarily speak of all stars of magnitude 1.5 or brighter as 
of the “first magnitude,” those dimmer than first but of 2.5 magnitude or brighter as 
of ‘second magnitude,’”’ and so on. 

2403. Star designations.—Various methods of designating stars have been sug- 
gested. Four such methods are in common use today. 

Names.—Several] dozen of the better known stars have names, most of which were 
given many hundreds of years ago. 

Bayer’s letters —Most of the brighter stars, whether or not they have names, are 
designated by Greek or Roman letter and the possessive form of the name of the 
constellation. The brightest star within the constellation is usually designated a, the 
second brightest 8, etc., but in some cases, where the stars of a constellation form a 
line, such as the big dipper, the letters are applied in order along the constellation. 
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Required.—(1) Plot and record the 2000 fix by H.O. 249. 

Given.—At 2015 the TH is changed to 050°, maintaining TAS 338K. At 20°19™40° 
the star Denebola is observed: hs 53°13’; and at 20°25™10® Polaris: hs 31°06’. 

Required.—(2) Record the local date. (3) Plot the 2020 Denebola line, solving 
by H.O. 211 and using the 2020 DR position as the AP. 

Given.—At the time of the Denebola observation the true heading is 052° and the 
compass heading is 048°. The variation is 5° E. 

Required.—(4) Compass deviation. (5) Retire the 2025 Polaris line to 2020 and 
record the 2020 fix. 

Given.—At 2030 the CH is changed to 090°. Var. 5° E, dev. 1° W. 

Required.—(6) Plot and record the 2045 NW position. 

Given.—At 20°40737°* the planet Saturn is observed: hs 43°38’; and at 20545™00° 
Regulus is observed: hs 23°24’. 

Required.—(7) Plot and record the 2045 fix, using H.O. 208 for solution of the 
observations. (8) The average wind since 2020 fix. 

Given—At 2050 the TH is changed to 196°. 

Required.—(9) Plot and record the 2100 DR position. 

Given.—At 2110 course will be changed for Midway Island, L 28° 12’ N, A 177° 
23’ W, and ground speed reduced to 180K. 

Required —(10) The TH to Midway Island from 2110 DR position. 

Given.— At 2110 the course and speed are changed for Midway as scheduled above. 
At 21°04™06° Saturn is observed: hs 45°12’; and at 21°08"22* Denebola is observed: 
hs 41°21’. 

Required.—(11) Plot and record the 2110 fix, using H. O. 249, Vol. II, for sight re- 
duction. (12) The TH to Midway from the adjusted 2115 DR. (13) The ETA at 
Midway. 

Given.—At 2115 the course is adjusted for Midway. However, weather is bad 
and at 2120 course is changed to 075°, TAS 180K. Since letdown will be on instru- 
ments, and the destination is small, the navigator has his assistant take a round of 
stars before entering the undercast. 


Body ZT hs 
Antares______..____-.------ 2131 32°29’ 
5) (C: ere ee ee eee 2135 37°57’ 
We Guise. 22u Seo ses 2139 10°06’ 


Required.—(14) Plot and record the 2135 fix, using H.O. 214 or H.O. 218 for solu- 
tion of the observations. (15) The TC to Midway at 2145. (16) The ETA at Midway. 


Answers.—(1) 2000 fix, L 30°09’ N, A 179°44’ E; (2) 18 June 1955; (3) Plot; 
(4) Deviation 3° W; (5) 2020 fix, L 31°39’ N, \ 179°01’ W;; (6) 2045 NW, L 32°09’ N, 
X 176°30’ W; (7) 2045 fix, L 32°04’ N,  176°40’ W; (8) WV 057°/24K; (9) 2100 DR 
L 31°05’ N, \ 176°31’ W; (10) TH 189°: (11) 2110 fix, L 30°09’ N, » 176°54’ W; (12) 
TH 187°; (13) ETA 2150; (14) 2135 fix, L 29°45’ N, A 176°09’ W; (15) TC 223°; (16) 
ETA 2225. 


CHAPTER XXIV 
STAR IDENTIFICATION 


2401. Introduction.—If the navigator is to use the various celestial bodies for 
determining position and direction, he must be able to identify them. The sun and 
moon pose no problem, but the various stars and planets look very much alike. 

At first the task of learning the myriads of stars may seem an impossible assign- 
ment. By means of the 200-inch telescope on Palomar Mountain about two hundred 
billion individual stars can be observed photographically. But without the aid of a 
telescope only about 6,000 stars on the whole celestial sphere can be seen, and since 
the dimmer stars are not visible when near the horizon, only about 2,500 can be seen 
at one time. Good eyes and a dark, moonless night are needed to see this number. 
But if it were necessary to learn all of these, the task would still be a large one. Since 
only a few stars are used at any one time, the navigator need know only several dozen 
of the brightest, and various memory aids are available to assist him. 

2402. Stellar magnitude.—A quick look at the sky on a dark night is sufficient to 
impress one with the great difference in brightness of stars. The relative brightness is 
stated as the magnitude. Ptolemy originated the system of magnitudes in the second 
century after Christ. He divided the stars into several groups, the brightest being 
designated first magnitude, the next brightest group second magnitude, and so on 
until the dimmest group he could see was designated sixth magnitude. 

Modern man desired to be more specific in defining his magnitudes. Since we 
receive about 100 times as much light from a first magnitude star as from one of the 
sixth magnitude, this relationship has been established as standard. Hence, the light 
received from stars separated by one magnitude is 2.512, the fifth root of 100. That 
is, 2.512 multiplied by itself 5 times is 100. The number 2.512 is called the magnitude 
ratio. 

Astronomers usually express magnitude to the nearest 0.1, about the least differ- 
ence that can be detected by the unaided eye, and occasionally to the nearest 0.01. 
The largest telescopes cnn detect stars of about the 21st magnitude. The brightest 
star, Sirius, has a magnitude of (—) 1.6 and Venus at greatest brilliancy is brighter 
than (—) 4. Navigators customarily speak of all stars of magnitude 1.5 or brighter as 
of the “first magnitude,” those dimmer than first but of 2.5 magnitude or brighter as 
of “second magnitude,” and so on. 

2403. Star designations.—Various methods of designating stars have been sug- 
gested. Four such methods are in common use today. 

Names.—Several dozen of the better known stars have names, most of which were 
given many hundreds of years ago. 

Bayer’s letters —Most of the brighter stars, whether or not they have names, are 
designated by Greek or Roman letter and the possessive form of the name of the 
constellation. The brightest star within the constellation is usually designated a, the 
second brightest 8, etc., but in some cases, where the stars of a constellation form a 
line, such as the big dipper, the letters are applied in order along the constellation. 
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Thus, Deneb, the brightest star in Cygnus the swan, is designated a Cygni; while 
Dubhe, the star at the outer rim of the big dipper, is designated a Ursae Majoris, 
although it is not the brightest star of the constellation. This method of star desig- 
nation was suggested by Bayer early in the seventeenth century. 

Flamsteed’s numbers.—Stars in each constellation are also numbered consecutively 
from west to east, as 95 Leonis, the ninety-fifth star in Leo the lion. This system 
was suggested by Flamsteed more than 200 years ago. 


Catalog numbers.—Stars, particularly the fainter ones which have no designation 
by any of the systems given above, are sometimes identified by the name of a star 
catalog and the number assigned the star by that catalog. 

Navigators formerly designated stars by name unless there were none, when either 
the Bayer or Flamsteed system was used. Starting with 1953 all stars listed in The 
Air Almanac are given names. 

2404. Constellations.— Ancient man imagined he saw animals, birds, people, etc. 
in conspicuous configurations of stars and these he gave names he considered ap- 
propriate. Ptolemy recognized 48 such groups. Today 88 constellations are named 
and their boundaries specified precisely so as to include the entire celestial sphere with- 
out overlapping. Hence, to the modern astronomer the name of a constellation in- 
dicates a specific region of the heavens. 

Popularly, however, the term constellation still refers to a conspicuous configura- 
tion of stars. These are helpful in learning the stars. For instance, few people would 
have difficulty locating Alkaid if he is told that it is the last star in the handle of the 
big dipper, or Rigel if he learns that it is a first magnitude star just south of the belt 
of Orion. 

2405. Methods of star identification.— Perhaps the most effective method of star 
identification is the acquiring of an intimate knowledge of the heavens, learning the 
relative positions and appearances of the various stars. For this purpose a star chart 
such as that in the back of The Air Almanac or a series of charts, as figures 2407-2410, 
are particularly valuable. Written explanations are helpful to supplement the charts. 
A star finder such as H.O. 2102—D (art. 2411) is of considerable assistance in locating 
the navigational stars. The sky diagrams in The Air Almanac serve a similar purpose. 
The ecliptic diagram (art. 1905) may be helpful in locating bodies in the zodiac. 

It is sometimes necessary to identify a single star when the configuration of stars 
around it is not visible, as during the brighter stages of twilight; when a star is observed 
through a hole in an overcast; or when the view is restricted by the structure of the 
aircraft, as when a periscopic sextant is used and no astrodome is available. Under 
these conditions a knowledge of the configuration of the background stars in the im- 
mediate vicinity is helpful, but computation is sometimes necessary. This may take 
either of two forms: (1) observation of the altitude and azimuth of the body, followed 
by computation to determine SHA and declination; or (2) computation of altitude and 
azimuth, followed by observation with the sextant oriented to these coordinates. If 
an astro compass is used for observation, the procedure is similar, but not identical, as 
explained in article 2506. 
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2406. Identification by configuration.—A knowledge of the stars is not only helpful 
in identification, but it is a matter of personal satisfaction and professional pride, and 
adds to one’s confidence in celestial navigation. 


The star charts shown in figures 2407-2410 were designed particularly to assist 
one in learning the stars. The charts themselves show only the brighter stars in their 
positions relative to each other. If each chart is held overhead at the local mean 
time indicated below, with the top of the page toward the north, it will indicate the 
positions of the stars. Since each chart extends about 20° beyond both celestial poles, 
yet extends only four hours or 60° on each side of the meridian at the equator, the 
coverage does not coincide with that of the actual sky, which is always a hemisphere. 


The transparencies add certain information of value in identifying the stars. 
Star names and spellings shown are those given in the almanacs beginning with 1953. 
Only those stars listed in the almanacs are named on the charts. When a transparency 
is placed over its accompanying chart, the names of the stars and constellations appear 
in the proper places relative to the bodies to which they apply. The broken lines con- 
nect stars of some of the more prominent constellations. The heavy solid lines point 
out certain useful relationships. The celestial equator is shown by a fine solid line and 
the celestial poles by crosses. 


Since the charts are on the transverse Mercator projection (art. 209) with the 
cylinder tangent at the central meridian, the scale along this meridian (not shown) is 
constant. Hence, to locate one’s zenith along this meridian, one needs only his latitude. 
At the proper time the zenith is on the vertical center line. If the latitude is 30° north, 
it 1s 30°/90°=% the distance from the equator to the north pole. If he is at 50° 
south latitude, he is 50°/90°= % or a little more than half way between the equator and 
the south pole. Those bodies on the central hour circle above the zenith (on the page) 
are north of the observer and those below are south. j 


The central hour circle of thestar charts of figures 2407-2410 coincide with the local 
meridian at approximately the following times: 


Local mean time Fig. 2407 Fig. 2408 Fig. 2409 Fig. 2410 
1800s cteesuyesae Dec. 21-_._--- Mar. 22____- June 22____.. Sept. 21 
2000: oes tees Nov. 21__--- Feb. 20_._... May 22____- Aug. 21 
22002 enemies eeeaz Oct. 21.___- Jan. 20__..- . Apr. 22___.- . duly 22 
0000_.._._...___-- Sept. 22____- Dec. 22___-- . Mar. 23__-__- June 22 
0200s gotta Aug. 22__.___ Nov. 22____- Feb. 21_____- May 23 
OA OO sai iia ease July 23....-. Oct. 22____- . dan. 21___._- Apr. 22 


0600 222..e2setucess June 22_____ Sept.21_..... Dec. 22_____- Mar. 23 
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2407. Pegasus (fig. 2407).—The evening sky in autumn has very few first magni- 
tude stars, and most of these that are visible in the United States are near the horizon. 
A relatively large number of second and third magnitude stars seem conspicuous, per- 
haps because of the absence of brighter stars. High in the southern sky four stars 
form a square with sides about 15° of arc in length. This is Pegasus, the winged horse. 
Only Markab at the southwestern corner and Alpheratz at the northeastern corner are 
listed in The Air Almanac, and the latter is part of the constellation Andromeda, the 
princess, extending in an arc toward the northeast. This arc terminates at Mirfak in 
Perseus, the legendary rescuer of Andromeda. 

A line extending northward through the eastern side of the square of Pegasus passes 
through the western star of W-shaped (or M-shaped) Cassiopeia, the legendary mother 
of the princess Andromeda, and on to Polaris, the north star. - This line approximates 
the hour. circle of the vernal equinox, the equinox being located south of Pegasus 
about the distance of one side of the square. The only star of Cassiopeia listed in the 
_Air Almanac is Schedar, the second star from the right in the W. 

If the line through the eastern side of the square of Pegasus is extended in the op- 
posite direction (south) and curved slightly toward the east, it leads to second magni- 
tude Diphda. A similar but longer line southward from the western side of Pegasus 
leads to first magnitude Fomalhaut. A line extending northeasterly through Fomalhaut 
and Diphda leads to Menkar, an inconspicuous third magnitude star. Diphda and 
Fomalhaut, with Ankaa, form an isosceles triangle with the apex at Diphda. Ankaa 
is near the southern horizon of observers in the United States and may easily escape 
attention. Four stars even farther south may be visible when on the celestial meridian, 
just above the horizon of observers i in the extreme southern part of the United States. 
These are Acamar, Achernar, Al Na’ir, and Peacock, which form a series of triangles 
as indicated in Aare 2407. 

Returning to Pegasus, two more navigational stars, ee and Enif, can be located 
as indicated in figure 2407. | 

Other navigational stars appearing in figure 9407 are mentioned in succeeding 
articles. | 


t 


oe 
—_ 
= 


agmi- 
rzon, 
, per 
stars 
L0r8e, 
r are 
, the 


Scale of magnitudes: 1% * ond 3rd * athe 5th, 





556 STAR IDENTIFICATION 


2408. Orion (fig. 2408).—As Pegasus leaves the meridian and moves into the 
western sky, the belt of Orion, the mighty hunter, rises in the east. With the exception 
of the big dipper, no other configuration of stars in the entire sky is as well known as 
Orion and its immediate surroundings. In no other part are there so many first magni- 
tude stars. 

The belt of Orion, being almost directly on the celestial equator, is visible in 
virtually any latitude. Only Alnilam, the middle of the three stars forming the belt, 
is listed in The Air Almanac. 3 

Four conspjcuous stars form a box around the belt. Blue Rigel, south of the belt, 
is in sharp contrast with red Betelgeuse at approximately an equal distance to the north 
of the belt. Bellatrix, bright for a second magnitude star but overshadowed by its 
more brilliant neighbors, is a few degrees west of Betelgeuse. 

A line extending eastward from the belt of Orion and curving a little toward the 
south leads to Sirius, the brightest star in the entire heavens. This is the larger of two 
hunting dogs of Orion, and is sometimes called the ‘“‘dog star.’’ Starting at Sirius, a 
curved line extends northward through Procyon, the small hunting dog; Pollux and 
Castor (not named in fig. 2408), the twins of Gemini; brilliant Capella, the charioteer; 
and back down to Aldebaran, the follower, which is always a short distance behind the 
seven sisters (Pleiades). At the summer solstice the sun is between Pollux and Alde- 
baran. Aldebaran, in the head of Taurus, the bull, is also found by means of a curved 
line extending northwestward from the belt of Orion. The V-shaped figure forming the 
outline of the head and horns of Taurus points toward third magnitude Menkar. 

If the line from Onrion’s belt curving southeastward to Sirius is continued on with 
a little greater curvature, it leads to a conspicuous small triangle of three bright second 
magnitude stars, all of nearly the same brilliancy. Only Adhara, the westernmost of 
these, is listed in The Air Almanac. Continuing on, the line leads to Canopus, the 
second brightest star in the heaven, and to Achernar and Ankaa. With Suhail and 
Miaplacidus, Canopus forms a large equilateral triangle which partly encloses Vela, 
the false southern cross, the brightest star of which is Avior. The triangle is not con- 
spicuous because Canopus far outshines the other two stars, which are but little brighter 
than their neighbors. A line from Suhail westward through Canopus leads to Acamar 
which forms a triangle with Achernar and Ankaa. 
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2408. Orion (fig. 2408).—As Pegasus leaves the meridian and moves into the 
western skv, the belt of Orion, the mighty hunter, rises in the east. With the exception 
of the big dipper, no other configuration of stars in the entire sky is as well known as 
Orion and its tinmediate surroundings. In no other part are there 30 many first magni- 
tude stars. | 

The belt of Orion, being almost directly on the celestial equator, is visible in 
Virtually any latitude. Only Alnilam, the middle of the three stars forming the belt, 
is listed in The Air Almanac. 

Four conspjcuous stars form a box around the belt. Blue Rigel, south of the belt, 
is in sharp contrast with red Betelgeuse at approximately an equal distance to the north 
of the belt. Bellatrix, bright for a second magnitude star but overshadowed by its 
more brilliant neighbors, is a few degrees west of Betelgeuse. 

A line extending eastward from the belt of Orion and curving a little toward the 
south leads to Sirius, the brightest star in the entire heavens. This is the larger of two 
hunting dogs of Orion, and is sometimes called the ‘dog star.’”’ Starting at Sirius, a 
curved line extends northward through Procyon, the small hunting dog; Pollux and 
Castor (not named in fig. 2408), the twins of Gemini; brilliant Capella, the charioteer; 
and back down to Aldebaran, the follower, which is always a short distance behind the 
seven sisters (Pleiades). At the summer solstice the sun is between Pollux and Alde- 
baran. Aldebaran, in the head of Taurus, the bull, is also found by means of a curved 
line extending northwestward from the belt of Orion. The V-shaped figure forming the 
outline of the head and horns of Taurus points toward third magnitude Menkar. 

If the line from Orion’s belt curving southeastward to Sirius is continued on with 
a little greater curvature, it leads to a conspicuous small triangle of three bright second 
magnitude stars, all of nearly the same brilliancy. Only Adhara, the westernmost of 
these, is listed in The Air Almanac. Continuing on, the line leads to Canopus, the 
second brightest star in the heaven, and to Achernar and Ankaa. With Suhail and 
Miaplacidus, Canopus forms a large equilateral‘triangle which partly encloses Vela, 
the false southern cross, the brightest star of which is Avior. The triangle is not con- 
spicuous because Canopus far outshines the other two stars, which are but little brighter 
than their neighbors. A line from Suhail westward through Canopus leads to Acamar 
which forms a triangle with Achernar and Ankaa. 
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Figure 2408.—Stars in the vicinity of Orion. 
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2409. Ursa Major (fig. 2409).—<As if to enhance the splendor of the sky in the 
vicinity of Orion, the region toward the east, like that to the west, is devoid of bright 
stars, except in the vicinity of the south celestial pole. However, as Orion sets in the 
west, a number of good navigational stars move into favorable positions for observation. 

The big dipper, part of Ursa Afajor, the great bear, appears above the north celestial 
pole, directly opposite Cassiopeia (only part of which is shown in fig. 2409), which now 
appears as a W just above the northern horizon to most observers in the United States. 
Of the seven stars forming the big dipper, only Dubhe, Ahoth, and Alkaid are listed in 
The Air Almanac. 

The two second magnitude stars forming the outer part of the bowl of the dipper 
are often called the ‘“‘pointers,”’ since a line extending northward (down) through them 
leads or points to Polaris, the familiar north star. Polaris is at the outer end of the 
handle of Ursa Minor, the little bear, but popularly known as the little dipper. The 
star at the outer rim of the bow] of the little dipper is Kochab. Relative to its bowl, 
the handle of the little dipper curves in the opposite direction to that of the handle of 
the big dipper. 

A line extending in the opposite direction (south) from the pointers and curving 
slightly toward the west leads to Regulus, the brightest star in Leo, the lion. Toward 
the east is second magnitude Denebola, the tail of the lion. On toward the southwest 
from Regulus is second magnitude Alphard, the brightest star in Hydra, the sea serpent. 
Considerable imagination and a dark sky are necessary to trace the long winding body 
of this figure. 

If a curved line extending the arc of the handle of the big dipper is followed, it 
leads to first magnitude Arcturus. With Alkaid and Alphecca, in the northern crown, 
Arcturus forms a large inconspicuous triangle. Continuing on, the curve leads next to 
Spica and then to Corvus, the crow, which to most observers appears like a gaff main- 
sail of a schooner. The brightest star in this group is Gienah. The sun is about 
midway between Regulus and Spica at autumnal equinox. 

A line from Alphard extending eastward between Gienah and Spica leads to 
Zubenelgenubi (Z60-bén’él-jé-nii’bé), in the “southern basket”’ at the western corner 
of an inconspicuous box-like figure called Libra, the scales. 

Returning to Corvus, a line from Gienah extending diagonally across the figure 
and then curving a httle toward the east leads to Menkent. 

Far to the south, below the horizon of most northern-hemisphere observers, a 
group of bright stars heralds the approach to the south pole. Cruz, the famed south- 
ern cross is about 40° due south of Corvus. This is a poor cross and hence disappointing 
to many who view it for the first time. The false cross to the west. is a better cross, 
but its stars are not as bright. Acrux at the southern end and Gacrux at the northern 
end of the southern cross are listed in the almanacs. 

The Suhail-Miaplacidus-Canopus triangle previously mentioned (art. 2408) is 
west of the southern cross, Suhail being in line with the western arm of the cross. A 
line from Canopus through Miaplacidus, curved slightly toward the north, leads to 
Acrux. A line extending eastward from the southern cross leads first to Hadar and 
then to Rigil Kentaurus, two very bright stars. Continuing on, but curving somewhat 
toward the south, the line leads to the small southern triangle (Triangulum Australe), 
the easternmost star of which is Atria. 
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2410. Cygnus (fig. 2410).—As the celestial sphere continues in its apparent west- 
ward motion, the eastern sky is dominated by three very bright stars which far out- 
shine any others within considerable range. The westernmost of these is Vega, the 
brightest star north of the celestial equator and third brightest star in the heavens. 
Having a declination of a little less than 39° N, this star passes overhead through the 
zenith along a path across the central part of the United States, from Washington in 
the east to San Francisco on the Pacific coast. 


Vega forms a large but conspicuous triangle with its two bright neighbors, Deneb 
to the east and Altair to the southeast. Deneb is at the end of the tail of Cygnus, the 
swan, or at the head of the northern cross. Altair, in Aquila, the eagle, can be identi- 
fied by two fainter stars equidistant on opposite sides, in line with Vega. This line 
from Altair through Vega extends to Eltanin, which is not conspicuous. Vega and 
Altair, with second magnitude Rasalhague to the west, form a large equilateral triangle 
which is much less conspicuous than the triangle they form with Deneb. 


Some distance across the sky toward the west Corona Borealis, the northern crown, 
is not difficult to find. To most observers in the United States the crown is inverted, 
appearing more like a bowl. The brightest star in this constellation is Alphecca, which 
is at one corner of an inconspicuous triangle formed with Arcturus to the west and 
Alkaid at the end of the handle of the big dipper. 


Far to the south of Rasalhague, and a little toward the west, is a striking con- 
figuration called Scorpius, the scorpion. The brightest star, forming the head, is 
Antares, a reddish star. At the tailisShaula.  - = - «o. 


Northwest of Scorpius is the box-like figure of which Zubenelgenubi is the western- 
most star. Antares is at the southwestern corner of a ‘parallelogram fermed by Antares, 
Sabik, Nunki, and Kaus Australis. Since these stars, with the exception of Antares, 
are only slightly brighter than a number of others nearby, this parallelogram is not a 
striking figure. At the winter solstice, the sun is a short distance northwest of Nunki. 

With Menkent and Rigil Kentaurus to the southwest Antares forms a large but 
not particularly striking triangle. Rigil Kentaurus is near the center of a long curved 
line starting at the southern cross and extending through Hadar, Rigil Kentaurus, north 
of the southern triangle, to Peacock, and Al Na’ir. — , 
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2411. Star finders.—Various devices have been invented to assist an observer 
to learn the stars or locate individual stars. The most widely used is the Star Finder 
and Identifier (H.O. 2102—D) published by the U.S. Navy Hydrographic Office. This 
device employs the same principle as that used in the former Rude Star Finder, 
patented by Capt. G. T. Rude, U.S.C. & G.S. and later sold to the Hydrographic 
Office. Many modifications made by the Hydrographic Office are incorporated in the 
2102—D model patented by Mr. E. B. Collins formerly of that office. 

The star base consists of a white opaque plastic disk about 8% inches in diameter. 
On one side the north pole is shown at the center and most of the brighter stars are 
shown on a polar azimuthal equidistant projection extending to within a short distance 
of the south celestial pole. On the opposite side similar information is given with the 


south pole at the center. The outer edge is graduated to half a degree of arc. This 
scale is LHAT or 360°—SHA. See figure 2411a. 
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FicureE 241la.—The star base of H.O. 2102-D. 
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Seven transparent templates are provided, one for each 10° of latitude. These are 
labeled 5°, 15°, 25°, etc. to 65°. Each template can be used on either side of the star 
base, being centered by placing a center hole in the template over a peg at the poles 
of the star base. Each template has a set of altitude curves at 5° intervals from 10° 
to 80°. A second set of curves, also at intervals of 5°, indicates azimuth. 

The seven templates and the star base are housed in a circular leatherette container. 
Two additional templates for latitudes 75° and 85° have been prepared, but these are 
not generally available. 

To use the device for making a list of the approximate altitudes and azimuths of 
stars available for observation at any time, enter The Air Almanac (ch. XIX) with 
the GMT at the mid time of observation and determine the GHAY at this time. 
Usually the exact 10 minutes nearest the mid time is satisfactory. Apply the longitude 
to GHAT, subtracting if west, and adding if east, to determine LHAT. 

Select the template for the latitude nearest the position of the observer, and center 
it over the star base, being careful that the correct side (north or south to agree with 
latitude) of both template and star base is used. Orient the template by placing the 
arrow on the north-south azimuth line over LHAT on the star base graduations. 
Altitude and azimuth of the various stars can now be read directly from the device, 
using eye interpolation. Consider Polaris, not shown, as at the pole on the northern 
side. For greater accuracy, the template can be lifted clear of the center peg of the 
star base and shifted along the north-south azimuth line until the latitude on the 
altitude scale is over the pole. 

Since bodies of the solar system are in continual motion relative to the stars, 
their positions are not shown on the star base. However, the positions at any time can 
be plotted. Determine GHAT and GHA of the body for the same instant of time, using 
The Air Almanac. Subtract GHA of the body from GHAT (GHATYT —GHA body). 
Locate the value so obtained on the scale on the star base. A radial line from this 
point to the center represents the hour circle of the body. From the equator measure 
off the declination of the body toward the center if the pole and declination are of same 
name and away from the center if they are of contrary name. Use the altitude scale 
along the north-south line of any template for a declination scale. The 5° template 
of some star finders has an open slot with graduations along one side, permitting the 
position to be plotted quickly. (See fig. 2411b.) Venus (GHA 310°03’; d 20°31’ S), 
Mars (GHA 356°42’; d 8°46’ S), and Jupiter (GHA 195°14’;d 1°51’ N) are plotted on 


the star base shown in figure 2411c. 


691-651°—63——37 
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Figure 2411b.—Plotting planet Venus on star base, H.O. 2102-D, using 5° template. GHAT- 


GHA Venus 252°24’, declination 20°31’ S. 


Example 1—The DR position of an aircraft is L 34°20’ N, \ 55°30’ W. GHAT 


202°40’. 


Required.—List the approximate altitudes and azimuths of the first magnitude 
stars and any planets between 10° and 80° above the horizon, using the positions of 


the planets shown in figure 2411c. 
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FiGcurE 2411c.—A template in place over the star base of H.O. 2102-D. 
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Figure 2411b.—Plotting planet Venus on star base, H.O. 2102-D, using 5° template. GHAT-— 
GHA Venus 252°24’, declination 20°31’ S. 
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Example 1.—The DR position of an aircraft is L 34°20’ N, \ 55°30’ W 


202°40’. 
Required.—List the approximate altitudes and azimuths of the first magnitude 
stars and any planets between 10° and 80° above the horizon, using the positions of 


the planets shown in figure 2411c. 
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Solution (fig. 2411¢).— 
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Figure 24llc.—A template in place over the star base of H.O. 2102-D. 
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It is customary to list stars in order of increasing azimuth, for convenience. Having 
determined the information tabulated above, the navigator can locate any of the bodies 
listed by presetting his sextant to the altitude given above and facing in the direction 
of the azimuth, or by means of an astro compass. 

If the altitude and azimuth of an unidentified star shown on the star finder have 
been observed, the star can be identified by orienting the proper template as described 
above and locating the star at its altitude and azimuth. 

Example 2.—At the time and place given in example 1 an unidentified celestial 
body is observed, its altitude being 37°11’ and its azimuth being 019°5. 

Required.—Identify the celestial body. 

Solution (fig. 2411c).—Orient the star finder as described in example 1. By 
means of the altitude and azimuth, identify the star as Kochab. 

If the altitude and azimuth of a known star are available, the template can be 
oriented by rotating it until the known star appears at the place indicated by its co- 
ordinates. 

2412. Star identification by H.O. 249.—H.O. 249, Vol. I (ch. XX) is, in effect, a 
tabular solution of the information given by H.O. 2102-D, for a limited number of stars. 
The LHAT is determined as described in article 2411 or in article 2007. The value, to 
the nearest whole degree, is then used to enter the H.O. 249 tables for the correct 
latitude. The altitudes and azimuths of six stars are listed. If an unknown star has 
been observed, the procedure is the same, but the observed star may not be listed. 

2413. Identification by sky diagram.—The sky diagrams in The Air Almanac can be 
used for identification in much the same manner as H.O. 2102-D. These have the 
advantage of showing planets and the moon, but their usefulness is limited by their small 
scale; their lack of scales for estimating numerical values; the large increments of 
latitude, tine, and date; and by the small number of bodies shown. However, they 
have proved very useful and their value is enhanced by practice. The method of using 
them is described in article 1911. 

2414. Identification by ecliptic diagram.—-The ecliptic diagrams shown on the 
AM sides of the daily pages of The Air Almanac can prove helpful in locating bodies in 
the zodiac (art. 1612). These diagrams are particularly helpful if it 1s suspected that 
the body to be identified might be a planet. The use of these diagrams is described in 
article 1905. 

2415. Identification by computation.—If the meridian angle (¢), declination (d), 
and latitude (L) are known (for a known or assumed position), the altitude and azimuth 
at that position can be determined by computation. This is the method of sight re- 
duction in which ¢, d, and L of the body are used, as in volumes IJ and III of H.O. 249. 

If the problem is solved in reverse, starting with altitude, azimuth, and latitude, 
the meridian angle and declination can be computed. Some tables (such as H.O. 214) 
are particularly adapted to this problem. Meridian angle is converted to LHA, and 
this is combined with the longitude to determine the GHA. Since GHAX=GHAT + 
SHA, it follows that SHA=GHAX*—GHAT. With SHA and declination one can 
enter the list of stars at the back of The Air Almanac or a star chart such as that given 
at the back of the almanacs and identify the star. If none of the stars agrees with the 
computed information, the GHA of the body and its declination are compared with the 
information given for planets. If these do not agree and no error can be found in the 
observation or computation, it is probable that observation was made of a body for 
which coordinates are not. given in the almanac. 

This method is seldom used by modern navigators. 
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2416. Identification by astro compass.—An astro compass can be used to determine 
information that is helpful in identifying unknown celestial bodies, or in locating those 
for which certain information has been determined. This method constitutes a me- 
chanical solution of the problem equivalent to a computation. The use of this instru- 
ment is described in chapter XXV. 

2417. Identification of planets.—To a casual observer a planet may not appear 
different from the stars. However, an experienced navigator seldom mistakes a planet 
for a star, because of several differences which do exist. 

First, stars remain almost fixed in their positions relative to each other, while the 
planets are continually changing position relative to the stars. Hence, the name 
planet, which is from the Greek word meaning ‘‘wanderer’’. If one has learned the 
stars, he has no difficulty spotting an intruder. Moreover, since the planets remain 
within the zodiac, the experienced navigator learns in which part of the sky they may 
be expected. That is, he learns to locate the zodiac by the stars situated in it. Ifa 
navigator uses celestial navigation frequently, he follows the positions of the various 
planets as they change location in the sky. 

Also, the light from planets is steadier than that from stars, since plancts have 
measurable diameters, while the stars are but point sources of light even in the largest 
telescopes. Hence, any small fluctuations in density of the atmosphere have a greater 
effect on stars than on planets. 

Most of the methods applicable to stars can also be used for planets. As ex- 
plained in article 2411, the positions of planets can be plotted on the star base of a star 
finder and used in the same manner that stars are used. Planets are shown on the sky 
diagrams and the ecliptic diagrams of The Air Almanac. They can be spotted in on a 
star chart such as that at the back of The Air Almanac. Computation and the astro 
compass can be used as described above. Volume I of H.O. 249 cannot be used directly 
for planets. 

Planet identification poses no real problem if the navigator does not forget that 
there are planets and that these must be identified, even as stars must be, if they are to 
be used for navigation. 


2418. Presetting of sextant.—Several references have been made to the presetting 
of the sextant. This is helpful in locating desired bodies. It is done in either of two 
ways. An approximate solution can be made, as by star finder or H.O. 249 and the 
sextant set to this approximate value. This value may be in error by as much as several 
degrees, but should be close enough that if the body is not immediately visible in the 
field of view, relatively little sweeping of the sky is needed to find the star. 

The second method involves precomputation, as explained in article 2007. Al- 
though the solution is more accurate, this method involves additional work and has no 
real advantage if it is used only for star identification. However, if it is used as part of 
the computation for a line of position or a fix, it combines the functions of sight reduc- 
tion and star identification and thus eliminates the latter as a separate operation. 

Whatever the technique, it is essential that the navigator be able to pick out the 
desired star from its background of other celestial bodies. This is particularly impor- 
tant when the field of view of the sextant is limited or when a periscopic sextant is used 
without an astrodome or sighting window. To the experienced navigator this poses no 
real problem. He usually sweeps part of the sky by moving the sextant in azimuth or 
changing its altitude setting, or both, until he satisfies himself that he is observing the 
desired body. As he gains experience, he reduces the amount of sweep because he 
becomes familiar with the appearance of the sky in the immediate vicinity of the stars 
he uses most frequently. 
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It is customary to list stars in order of increasing azimuth, for convenience. Having 
determined the information tabulated above, the navigator can locate any of the bodies 
listed by presetting his sextant to the altitude given above and facing in the direction 
of the azimuth, or by means of an astro compass. 

If the altitude and azimuth of an unidentified star shown on the star finder have 
been observed, the star can be identified by orienting the proper template as described 
above and locating the star at its altitude and azimuth. 

Example 2.—At the time and place given in example 1 an unidentified celestial 
body is observed, its altitude being 37°11’ and its azimuth being 01975. 

Required.—Identify the celestial body. 

Solution (fig. 2411c).—Orient the star finder as described in example 1. By 
means of the altitude and azimuth, identify the star as Kochab. 

If the altitude and azimuth of a known star are available, the template can be 
oriented by rotating it until the known star appears at the place indicated by its co- 
ordinates. 

2412. Star identification by H.O. 249.—H.O. 249, Vol. I (ch. XX) is, in effect, a 
tabular solution of the information given by H.O. 2102—-D, for a limited number of stars. 
The LHAYT is determined as described in article 2411 or in article 2007. The value, to 
the nearest whole degree, is then used to enter the H.O. 249 tables for the correct 
latitude. The altitudes and azimuths of six stars are listed. If an unknown star has 
been observed, the procedure is the same, but the observed star may not be listed. 

2413. Identification by sky diagram.—The sky diagrams in The Air Almanac can be 
used for identification in much the same manner as H.O. 2102—D. These have the 
advantage of showing planets and the moon, but their usefulness is limited by their small 
scale; their lack of scales for estimating numerical values; the large increments of 
latitude, time, and date; and by the small number of bodies shown. However, they 
have proved very useful and their value is enhanced by practice. The method of using 
them is described in article 1911. 

2414. Identification by ecliptic diagram.—-The ecliptic diagrams shown on the 
AM Sides of the daily pages of The Air Almanac can prove helpful in locating bodies in 
the zodiac (art. 1612). These diagrams are particularly helpful if it 1s suspected that 
the body to be identified might be a planet. The use of these diagrams is described in 
article 1905. 

2415. Identification by computation.—If the meridian angle (£), declination (d), 
and latitude (L) are known (for a known or assumed position), the altitude and azimuth 
at that position can be determined by computation. This is the method of sight re- 
duction in which ¢, d, and L of the body are used, as in volumes IJ and III of H.O. 249. 

If the problem is solved in reverse, starting with altitude, azimuth, and latitude, 
the meridian angle and declination can be computed. Some tables (such as H.O. 214) 
are particularly adapted to this problem. Meridian angle is converted to LHA, and 
this is combined with the longitude to determine the GHA. Since GHA¥=GHAT + 
SHA, it follows that SHA=GHAwy—GHAT. With SHA and declination one can 
enter the list of stars at the back of The Air Almanac or a star chart such as that given 
at the back of the almanacs and identify the star. If none of the stars agrees with the 
computed information, the GHA of the body and its declination are compared with the 
information given for planets. If these do not agree and no error can be found in the 
observation or computation, it is probable that observation was made of a body for 
which coordinates are not given in the almanac. 

This method is seldom used by modern navigators. 
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2416. Identification by astro compass.—An astro compass can be used to determine 
information that is helpful in identifying unknown celestial bodies, or in locating those 
for which certain information has been determined. This method constitutes a me- 
chanical solution of the problem equivalent to a computation. The use of this instru- 
ment is described in chapter XXYV. 

2417. Identification of planets.—To a casual observer a planet may not appear 
different from the stars. However, an experienced navigator seldom mistakes a planet 
for a star, because of several differences which do exist. 

First, stars remain almost fixed in their positions relative to each other, while the 
planets are continually changing position relative to the stars. Hence, the name 
planet, which is from the Greek word meaning ‘‘wanderer’’. If one has learned the 
stars, he has no difficulty spotting an intruder. Morcover, since the planets remain 
within the zodiac, the experienced navigator learns in which part of the sky they may 
be expected. That is, he learns to locate the zodiac by the stars situated in it. Ifa 
navigator uses celestial navigation frequently, he follows the positions of the various 
planets as they change location in the sky. 

Also, the light from planets is steadier than that from stars, since planets have 
measurable diameters, while the stars are but point sources of light even in the largest 
telescopes. Hence, any small fluctuations in density of the atmosphere have a greater 
effect on stars than on planets. 

Most of the methods applicable to stars can also be used for planets. As ex- 
plained in article 2411, the positions of planets can be plotted on the star base of a star 
finder and used in the same manner that stars are used. Planets are shown on the sky 
diagrams and the ecliptic diagrams of The Air Almanac. They can be spotted in on a 
star chart such as that at the back of The Air Almanac. Computation and the astro 
compass can be used as described above. Volume I of H.O. 249 cannot be used directly 
for planets. 

Planet identification poses no real problem if the navigator does not forget that 
there are planets and that these must be identified, even as stars must be, if they are to 
be used for navigation. 


2418. Presetting of sextant.—Sceveral references have been made to the presetting 
of the sextant. This is helpful in locating desired bodies. It is done in either of two 
ways. An approximate solution can be made, as by star finder or H.O. 249 and the 
sextant set to this approximate value. This value may be in error by as much as several 
degrees, but should be close enough that if the body is not immediately visible in the 
field of view, relatively little sweeping of the sky is needed to find the star. 

The second method involves precomputation, as explained in article 2007. Al- 
though the solution is more accurate, this method involves additional work and has no 
real advantage if it is used only for star identification. However, if it is used as part of 
the computation for a line of position or a fix, it combines the functions of sight reduc- 
tion and star identification and thus eliminates the latter as a separate operation. 

Whatever the technique, it is essential that the navigator be able to pick out the 
desired star from its background of other celestial bodies. This is particularly impor- 
tant when the field of view of the sextant is limited or when a periscopic sextant is used 
without an astrodome or sighting window. To the experienced navigator this poses no 
real problem. He usually sweeps part of the sky by moving the sextant in azimuth or 
changing its altitude setting, or both, until he satisfies himself that he is observing the 
desired body. As he gains experience, he reduces the amount of sweep because he 
becomes familiar with the appearance of the sky in the immediate vicinity of the stars 
he uses most frequently. 
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2411a. Giren.—On 20 June 1955 the GMT 1400 DR position of an aircraft is 
L 36°17’ S, 4 50°30’ E. 

Required.—List the approximate altitudes and azimuths of the first magnitude 
stars and any planets between 10° and 70° above the horizon, using H.O. 2102-D. 


Answer.— 
Body ha Zn 
e) 1°) 

APCUITUS so cae See teats 21 046 
RIOR ae nee ee ee eee 52 059 
Satie onG es tessueees oeese tet eeese 36 082 
POTN GATOS leap oe Oe ed it ee ae 24 107 
Rie) Kener tse erates ee ee 49 145 
8 Centauri (Hadar)-_____...___-_----- 53 147 
WCUUN cio tae ee eae ie 60 165 
CONODUSs 2222.5 - ees et eee eed ewes 37 227 
DO ililiss? oe ease ees eee: 27 268 
PTOCY ON une coe ee eee sae 25 297 
DU Pelwatecece estes tere sees 20 315 
IRGPUINIS ic Settee ee cee ee aint 40 338 


2411b. Giren.—On 18 June 1955 the GMT 0230 (June 19) position of an aircraft is 
L 54°14’ N, \ 49°18’ W. An unidentified celestial body is observed, its altitude being 
67°25’ and its azimuth being 125°. 

Required.—Identify the celestial body by means of H.O. 2102-D. 

Answer.—Vega. 

2411c. Given.—The DR position of an aircraft is L 42°41’ N, \134°11’W. Three 
stars are observed, as follows: 


Star hs Zn 
1; WePUNS eee Sooo cee cee seus 44°12’ 237°5 
2. Unidentified__._.____________- 57°08’ 016°5 
3. Unidentified__....____________- 51°22" 102°5 


Required.—Identify the two unidentified bodies. 

Answers.—2, Kochab; 3, Alphecca. 

2416. Given.—By means of an astro compass the navigator determines the follow- 
ing information concerning unidentified celestial bodies observed when GHAT is 
approximately 278° on 18 June 1955: 


Body No. GHA body Declination 
des Sete hee eee eee See 45° 27° N 
2 pee eee ees ease meee 136°5 8°58 
DO titiy tater acta aes oe eee etl coe i oe 54°5 14°8S 
ve oe RS es REP ONCE ET FRCL La gaa 101°5 15° N 


Required.—Identify the celestial bodies. 
Answers.—1, Alphecca; 2, Alphard; 3, Saturn; 4, Denebola. 


CHAPTER XXV 
COMPASS SYSTEMS 


Gyro and Magnetic Compasses 


2501. A gyroscope, or gyro for short, is a rapidly rotating mass which is free to 
move about one or both axes perpendicular to the axis of rotation and to each other. 
In most directional gyroscopic instruments, the axis of rotation, called the spin axis, 
is horizontal. The horizontal axis 90° from the spin axis is called the topple axis. 
The vertical axis is called the drift axis. These axes are shown in figure 2501’ Gyro- 
scopic drift is horizontal rotation of the 
spin axis around the drift axis. Topple Y 
is vertical rotation of the spin axis around = 
the topple axis. = 

A freely spinning gyro tends to maintain az 
its spin axis in a constant direction in space, 2% 
a property known as rigidity in space or <P Cam! 
gyroscopic inertia. Thus, if the spin (Mt < 
axis of a perfect gyro on earth were pointed ‘ Fog 
toward a star, its apparent motion due to 
rotation of the earth would be the same as 
that of the star. The apparent motion of 
the gyro spin axis relative to the rotating ‘%, 
earth, due to gyroscopic inertia, is called - 
apparent wander or simply wander. The g 
horizontal component, drift, is equal to 15° fn 
per hour times the sine of the latitude; and 
the vertical component, topple, is equal to 
15° perhour times the cosine of the latitude. 

Another unique property of a gyroscope FigurE 2501.—Gyroscope axes. 
is its behavior when a torque (the product 
of a turning force times the distance from the center of rotation it tends to produce) is 
applied to the plane of rotation. Application of torque to this plane results in rotation 
of the plane, not in the direction of the applied force, but in a direction 90° from it, 
around the spin axis. This is called precession, which like wander, can be resolved into 
components of drift and topple. Thus, in figure 2501, a torque applied to the plane of 
rotation (through the bearings of the rotor shaft) tending to cause topple in the di- 
rection shown by the solid arrow results in drift (precession) in the direction shown by 
the broken arrow. A torque applied in the opposite direction reverses the direction 
of drift. Thus, the direction of precession is such that it causes the direction of spin 
of the gyro to attempt to line up with the direction of the torque which causes it. 
It is perhaps best remembered by thinking of the action of the front wheel of a moving 
bicycle. If one leans to the right, the front wheel turns to the right. A gyroscope 
may be precessed intentionally to bring about a desired reorientation of the spin axis. 
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2411a. Giren.—On 20 June 1955 the GMT 1400 DR position of an aircraft is 
L 36°17’ S, 4 50°30’ E. 

Required.—List the approximate altitudes and azimuths of the first magnitude 
stars and any planets between 10° and 70° above the horizon, using H.O. 2102-D. 


Answer.— 
Body ha Zn 
ie) ) 

APCUUTUS ence testi tees eee 21 046 
na] 0) Cc: ee ee a ee 52 059 
OP UIs feof tet th te ee ee ee 36 082 
PRO UOTCS 6555 cette te ee a ee 24 107 
Rigil. Kets. 205 cose seed Sasi 49 145 
8 Centauri (Hadar)___.___..-__------ 53 147 
PCN jess seteneeoteme Geet eee ee ee 60 165 
CANO PUSs at ote eee Suse eo suee 37 227 
DINING ao gees ie eee Bete cate 27 268 
ProC VON see.-edacebe ue fees teen 25 297 
JUD Clete Govt embe cose dameweme 20 315 
RePulS2cnc2scues See ce esse ee deere 40 338 


2411b. Given.—On 18 June 1955 the GMT 0230 (June 19) position of an aircraft is 
L 54°14’ N, \ 49°18’ W. An unidentified celestial body is observed, its altitude being 
67°25’ and its azimuth being 125°. 

Required.—Identify the celestial body by means of H.O. 2102-D. 

Answer.— Vega. 

2411c. Given.—The DR position of an aircraft is L 42°41’ N, \134°11’ W. Three 
stars are observed, as follows: 


Star hs an 
1. Regulus______..-.-----_____- 44°12’ 237°5 
2. Unidentified__..-__..________- 57°08’ 016°5 
3. Unidentified__...____________- 51°22’ 102°5 


Required.—Identify the two unidentified bodies. 

Answers.—2, Kochab; 3, Alphecca. 

2416. Given.—By means of an astro compass the navigator determines the follow- 
ing information concerning unidentified celestial bodies observed when GHAT is 
approximately 278° on 18 June 1955: 





Body No. GHA body Declination 
) RRR ee eee On Ee 7 eee ee ee ean eS 45° 27° N 
TN Re TOOL IAT RARE TEATRO METI 136°5 8°58 
5 a Ce aR OO RTE ae eR 54°5 14°S 
De iia delet ee ge ae 101°5 15° N 


Required.—Identify the celestial bodies. 
Answers.—1, Alphecca; 2, Alphard; 3, Saturn; 4, Denebola. 


CHAPTER XXV 
COMPASS SYSTEMS 


Gyro and Magnetic Compasses 


2501. A gyroscope, or gyro for short, is a rapidly rotating mass which is free to 
move about one or both axes perpendicular to the axis of rotation and to each other. 
In most directional gyroscopic instruments, the axis of rotation, called the spin axis, 
is horizontal. The horizontal axis 90° from the spin axis is called the topple axis. 
The vertical axis is called the drift axis. These axes are shown in figure 2501° Gyro- 
scopic drift is horizontal rotation of the 
spin axis around the drift axis. Topple Y 
is vertical rotation of the spin axis around 
the topple axis. 

A freely spinning gyro tends to maintain 
its spin axis in a constant direction in space, Z 4, 
a property known as rigidity in space or | 
gyroscopic inertia. Thus, if the spin [ytd OX ee 
axis of a perfect gyro on earth were pointed a Pg 
toward a star, its apparent motion due to 
rotation of the earth would be the same as 
that of the star. The apparent motion of 
the gyro spin axis relative to the rotating lp 
earth, due to gyroscopic inertia, is called = 
apparent wander or simply wander. The 8 
horizontal component, drift, is equal to 15° in 
per hour times the sine of the latitude; and 
the vertical component, topple, is equal to 
15° per hour times the cosine of the latitude. 

Another unique property of a gyroscope FiagurE 2501.—Gyroscope axes. 
is its behavior when a torque (the product 
of a turning force times the distance from the center of rotation it tends to produce) is 
applied to the plane of rotation. Application of torque to this plane results in rotation 
of the plane, not in the direction of the applied force, but in a direction 90° from it, 
around the spin axis. This is called precession, which like wander, can be resolved into 
components of drift and topple. Thus, in figure 2501, a torque applied to the plane of 
rotation (through the bearings of the rotor shaft) tending to cause topple in the di- 
rection shown by the solid arrow results in drift (precession) in the direction shown by 
the broken arrow. A torque applied in the opposite direction reverses the direction 
of drift. Thus, the direction of precession is such that it causes the direction of spin 
of the gyro to attempt to line up with the direction of the torque which causes it. 
It is perhaps best remembered by thinking of the action of the front wheel of a moving 
bicycle. If one leans to the right, the front wheel turns to the right. A gyroscope 
may be precessed intentionally to bring about a desired reorientation of the spin axis. 
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However, friction within the bearings of a gyroscope may cause a certain amount of 
unwanted precession, and hence great care is taken in manufacture and maintenance 
to reduce friction as much as possible. As used in connection with gyroscopic compasses 
the term “‘drift’’ denotes the total drift, that is, the sum of the drift components due (1) 
to wander and (2) to precession. The terms “wander” and “precession,’”’ are sometimes 
incorrectly used by navigators to denote total drift. 

2502. A directional gyro is an instrument which utilizes the inertia of a gyroscope 
to provide a reasonably steady reference direction, thus enabling a pilot to maintain a 
constant heading and to make precise turns. The reading of a directional gyro must 
be set by reference to some other known reference, as a magnetic compass or the azimuth 
of a celestial body, but once set, it 1s independent of all magnetic fields and is not 
affected by normal amounts of roll, pitch, or yaw of the aircraft. The gyroscope is 
subject to wander and precession, and consequently drifts slowly away from the 
original setting. During the brief interval needed for a turn, the drift is too small to be 
significant, but if the directional gyro is used to maintain heading over an extended 
period, it requires resetting from time to time. Resetting is accomplished by caging 
the gyro, (that is confining its motion so that moving its axis does not cause precession) 
and then setting it to the desired reading. The gyro is then restored to freedom of 
motion by uncaging. If provision is made to precess the gyro at the rate of wander, 
but in the opposite direction, the residual drift can be made quite small. The rate of 
drift, which tends to be uniform except during drastic maneuvers, can be allowed for 
by the navigator. When steering is done by directional gyro, it is customary for the 
navigator to maintain a gyro log or gyro graph (art. 2504) which enables him to predict 
the amount of error at any time, and thus determine the heading without reference to 
the magnetic compass. This is a great advantage near the magnetic poles of the 
earth, where the magnetic compass is unreliable. By means of a directional gyro, a 
pilot is able to follow a great circle approximately, without the need for dividing it into 
a series of rhumb lines. 

2503. Remote-indicating compass systems.—Chapter IV described some of the 
errors inherent in an ordinary magnetic compass, which make it unsatisfactory for 
precise navigation. Among these are deviation resulting from local magnetic fields 
surrounding the aircraft’s engines and electrical equipment, the errors caused by the 
momentum of the compass needles and the damping fluid, and the errors due to the 
effect of the vertical component of the earth’s field during turns. Various remote- 
indicating compasses have been devised to provide better performance. These consist 
of a master compass installed at a favorable position magnetically, as in the tail or outer 
part of a wing, and a number of repeaters controlled by the master, and located where 
needed. 

Earth inductor compass. Onc of the earliest remote-indicating compasses was the 
earth inductor compass used by Charles A. Lindbergh in his flight from New York to 
Paris, in 1927. In this system, a coil of wire is caused to rotate about one of its diam- 
eters as a vertical axis. It thus cuts the earth’s magnetic field, and an electric current 
is generated in the coil. This current is maximum when the plane of the rotating coil 
is parallel to the earth’s field and is zero when perpendicular to it. A commutator 
whose line of contacts is adjustable in relative bearing leads the electric current to an 
indicator on the pilot’s panel. If the line of commutator contacts is set for 90° relative 
(the controller set at 0°), the indicator reads zero when the aircraft is headed parallel 
to the carth’s field. If an appropriate relative bearing is set on the commutator, the 
indicator reads zero on any desired heading. The earth inductor compass is no longer 
used, but was the forerunner of the modern systems. 
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Magnesyn compass. In the Magnesyn system, small but powerful compass mag- 
nets are installed at a point on the aircraft where local magnetic influences are weak, 
and the direction of the compass needles is transmitted electrically to the repeaters. 
Deviation is reduced, but turning errors still exist, because the magnetic element is 
pendulously mounted on a pivot. 

G-2 compass. Turning errors can be prevented from appearing on the pilot’s 
indicator by combining a Magnesyn compass with a directional gyro. This is done in 
the G-2 compass, which is standard equipment on many naval aircraft. Any difference 
between the direction of the remote compass magnets and the directional gyro generates 
a signal which precesses the gyro into correct alignment, which is thus maintained 
automatically. The short-period errors of the compass magnets, as those occurring 
during a turn, are suppressed by the stability of the directional gyro, so that the slow 
drift of the gyro is continually corrected by the long-period, average position of the 
compass magnets in responding to the earth’s field. Magnetic control can be switched 
off, permitting the gyro to operate as an ordinary unstabilized directional gyro. Under 
these conditions the compass is subject to drift, and requires periodic checking and 
resetting. 

Flux Gate compass. In the Flux Gate compass the earth inductor principle is 
applied in a modified form. The vertical coil is replaced with a triangular core of 
soft iron, the “flux gate,” which is brought to magnetic saturation 975 times a second 
by a primary coil around each leg of the core, through which a 487} cycle alternating 
current is passed. The core also carries a secondary coil on each arm of the triangle, 
connected in such a manner that induction from the primary is suppressed. Since 
the core is alternately saturated and demagnctized by the primary current, the earth’s 
field is alternately excluded and admitted to the core. The pulsating flux of the 
earth’s field in the core induces an alternating current in the secondary coils. Be- 
cause of the triangular-shaped core, the strength of the alternating current in each 
secondary coil depends upon the angle at which the side on which it is wound is posi- 
tioned with respect to the earth’s magnetic field. The voltages from the three secondary 
coils are combined in a synchronizing mechanism (synchro) to drive the dials on the 
master and repeater indicators. 

The triangular core of the flux gate is held in a horizontal plane by a gyroscope 
rotating around a vertical axis. Consequently, only the horizontal component of the 
earth’s field (the directive force) induces a signal in the system. This means that 
turning errors due to the vertical component are avoided. The system is without a 
damping liquid and its attendant problems. 

The Flux Gate compass is located at a point of minimum deviation, as in the tail 
or wing tip, and means are provided in the remote indicator, usually at the navigator’s 
station, to compensate for any remaining residual deviation. The remote indicator 
thus gives the magnetic heading. In some systems provision 1s made for manually 
offsetting the indicator dial by the amount of the local variation, so that a true direction 
is indicated. 

Gyro stabilization. Compass systems which incorporate the stability of a gyro- 
scope are said to be gyro stabilized systems, regardless of whether it is the magnetic 
element itself which is stabilized, as in the Flux Gate, or whether the errors of an 
unstabilized, magnetic element are absorbed by the stability of a directional gyro, as 
in the G-2. 

N-1 compass. The N-1 compass is a complex compass system combining several 
features of both the G—2 and Flux Gate compasses. Its principal components consist 
of an unstuabilized, saturable-core, pendulous, remote compass transmitter; precise 
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directional gyro; master indicator; repeaters; and slaving control. The principles 
upon which the compass operates are similar to those of the G—2 in that control by 
the magnetic compass element can be manually interrupted at will so that the heading 
indication is that of the directional gyro. The N-1 differs from the G-—2 in several 
respects among which are (1) the design of the directional gyro and (2) the use of a 
slaving control to prevent the errors of the magnetic element due to acceleration and 
the vertical component of the earth’s field from reaching the master indicator. 

Directional gyro. Friction and lack of balance cause most of the total drift in an 
ordinary directional gyro. In the N-1, these are reduced to such a degree that the 
drift component of precession due to these causes does not exceed 1° per hour. The 
N-1 gyro has no caging mechanism, but its spin axis is held parallel to the plane of 
as case which is itself approximately horizontal for straight and level flight. This is 
accomplished by a leveling mechanism which automatically causes the gyro spin axis 
to precess toward the case-horizontal. Thus, the topple component of wander is 
eliminated, but the drift component, proportional to the latitude, is unrestricted. 
The drift due to wander (15° per hour times the sine of the latitude) is neutralized by 
a latitude correction applied between the gyro and the master indicator. When the 
latitude adjustment is set to the correct latitude, the correction is equal but opposite 
to the drift due to apparent wander, and the heading pointer of the master indicator 
remains stationary until a change of heading occurs. Any heading can be set on the 
master indicator by rotating the synchronizer knob; and even though the gyro has 
complete freedom of drift, practically drift-free indications appear on the master 
indicator. This feature enables great circles to be followed on any part of the earth. 

Slaving control. The remote compass transmitter of the N-1 consists of a pendu- 
lously mounted magnetic element. Consequently, when the aircraft turns, the vertical 
component of the earth’s field tends to deflect the compass magnets and cause turning 
errors. In the N-1 compass, the slaving control breaks the connection between the 
compass transmitter and the directional gyro during turns exceeding 23° per minute, 
so that the master indicator and repeaters are automatically disconnected from the 
remote compass element, and the directional gyro provides the heading reference alone. 

Magnetic slaved operation. When operating as a remote-indicating magnetic 
compass, the heading pointer follows the magnetic heading very closely. Conse- 
quently, this mode of operation is usable in any locality except near the magnetic 
poles. The magnetic compass transmitter is adjusted to remove most of the deviation 
due to magnetic fields originating in the aircraft. In addition, the master indicator is 
adjusted to remove (1) any transmission errors between the remote compass unit and 
the master indicator, and (2) any deviation remaining after adjustment of the magnetic 
compass element. Detailed procedures for making these adjustments are contained in 
the instruction manuals. During most turns, magnetic control is automatically dis- 
connected, and the system operates as a normal directional gyro subject to drift but not 
to turning errors, as indicated above. 

Directional gyro operation. When operating as an unslaved, directional gyro, the 
rate of drift normally does not exceed 1% degrees per hour. The latitude control is 
set manually to the DR latitude, and should be adjusted as latitude changes. After 
the heading pointer is manually set to the aircraft’s heading, it continues to indicate 
the heading, subject only to almost negligible drift. If the heading adjustment is not 
changed, the track approximates a great circle. 

2504. Gyro log.—When an aircraft is steered by means of a directional gyro, 
whether visually or by mechanical coupling, as with a gyro pilot, the total drift of the 
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gyro produces a continuous and cumulative change of heading. Consequently, the 
aircraft follows a curved path even though the indicated heading is constant. The rate 
of change of heading depends upon the quality of the directional gyro. For a high 
grade compass system such as the N-1, the small total drift is negligible except for 
flights of long duration. An ordinary directional gyro or a compass system based upon 
it may drift as much as 12° per hour, or more. The rate of drift is seldom constant 
during a single flight, and a drift rate previously established may not apply to a sub- 
sequent flight. The rate is affected by a change in latitude, and sometimes by a large 
change of heading, a change in altitude, an adjustment of the directional gyro or gyro 
pilot, or by atmospheric turbulence. Frequent heading checks are therefore required 
if a directional gyro is used for heading reference. 

The accumulated error of a directional gyro can be determined by any reliable 
directional reference. Except near the magnetic poles, the magnetic compass is such 
a reference, and one need only compare the gyro and magnetic readings every fifteen 
or twenty minutes, resetting the gyro as necessary. In regions where the magnetic 
compass is unreliable, heading checks are usually accomplished by means of azimuths 
of celestial bodies obtained by periscopic sextant (art. 2111) or by astro compass (art. 
2505). Recognizable ground features can sometimes be utilized. The aircraft can 
momentarily be headed along any straight stretch of railroad, 
highway, river or coast line whose direction can be determined. 
A range of two objects can sometimes be used. The directional 
gyro can be set before take-off, by reference to the runway 
direction, if known. 

Because of the large and occasionally variable drift rates of 
most directional gyros, it is customary for the navigator to 
maintain a running record of the rate of drift, either a gyro 
log or gyro graph, from which he can determine the average 
rate for use if no heading checks are obtainable. 

Figure 2504a, in which the angles are exaggerated, shows the 
effect of gyro drift. The heavy lines are the actual headings 
of the aircraft. 

For example, at 0800 the desired heading is 192°, which in 
the absence of gyro drift information, is the pilot’s initial 
heading. At 0820 a check shows the heading to be 196°, in- 
dicating that gyro drift is 4° right in 20". For this period the 
average ‘TH is 194°, which can be used to plot a new DR posi- 
tion, if desired. More common practice, however, is to apply 
a heading correction which will result in the aircraft following 
approximately the desired track, and not attempting to show 
minor deviations from it. Since the average drift angle is 2° 
right, the initial heading for the next 20-minute period, to FI@ur® 2504a.—Effect 
average TH 192° is 190°; that is, 6° left from the actual cher calvon track: 
heading 196°. Consequently, the pilot is directed to alter heading 6° left, or since the 
heading by Azs gyro has remained 192°, his new heading is 186° by directional gyro. 

At the next heading check at 0840, the actual heading is 194°, again indicating gyro 
drift of 4° right. The average heading for the last 20™ is 192°, but to allow for further 
drift the initial course for the next period is 190° as before. This means that the 
pilot alters heading 4° left (194°-190°), but since he is now heading 186° by his gyro 
he alters course to 182°. 
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This process of accumulating error continues for subsequent periods until the 
pilot’s gyro is reset to the true heading found at a heading check. A new series is 
started at this time. To avoid confusion and possible blunders all such information is 
recorded in a gyro log similar to the following: 














Ti Heading Gyro Average TH TH Heading TH 
dias check drift heading | (desired) | (initial) change (gyro) 
0800... _.-_---- a ene 192 ee ee 192 
0820.___._.._-- 196 4R 194 192 190 6 L 186 
0840____..--_-- 194 4R 192 192 190 | 4L 182 








Heading checks should be made at equal time intervals if the drift rates are to be 
comparable. If an azimuth observation is not obtainable at the precise time the rate 

can be apportioned to the desired time by the E-10 slide rule. 
The gyro graph (fig. 2504b) is a graphic running record of headings and drift. It 
may be divided into sections so that two or more directional gyros can be rated at the 
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FiGuRE 2504b.—A gyro graph. 


same time. The vertical scale represents time, and the horizontal scale represents 
degrees right or left of the desired heading indicated by the heavy vertical line in each 
section of the chart. 

After take-off, the navigator plots the heading found by observation, expressed 
as the number of degrees right or Jeft of the desired heading. Normally, the gyro 
is reset at the first heading check so that the first plot falls on the heading line. As 
each succeeding heading check is plotted, a trend is established and a straight line 
can be drawn representing average gyro drift. The average heading is indicated by 
the point on the line corresponding to the mid time of the period. By extending the 


ew 
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average drift line, one can predict the heading at a future time, and the probable 
average heading for the period can be plotted on a DR plot. 

To find the initial heading which will make good a new desired heading over a 
period allowing for gyro drift, draw a drift line parallel to the preceding period, but 
through the mid time of the new period as plotted on the vertical line. The point 
on this new drift line for the time of heading change is the new initial heading. 

The advantage of a gyro graph, as compared with a gyro log, is that desired infor- 
mation is immediately apparent without resorting to mathematical computation. 
Drift rate is indicated by the slope of the line. Heading checks can be made at irreg- 
ular intervals without applying corrections to reduce them to a common interval, or 
computation to establish drift rate. The drift rate line can be extended to predict 
drift at any future time, or moved to determine the initial heading for the next period 
of flight. Erratic performance of the directional gyro is more apparent than by log. 


Astro Compass 


2505. Description.—The astro compass is not a compass in the sense that it pro- 
vides a continuous and automatic indication of a reference direction, for it indicates 
such a direction only momentarily and then only if it is oriented to the celestial sphere, 
by means of celestial coordinates, and to the horizontal. It is used by an air navigator 
(1) to obtain the true heading of the aircraft, (2) to find the true or relative bearing 
of an object, and (3) to identify celestial bodies. See also chapter X XVI, Polar 
Navigation. 

Referring to figure 2505a, the standard or base is installed in the aircraft in such 
manner that when the astro compass is in place, the lubber’s line points forward, 
parallel to the longitudinal axis. The instrument is leveled by means of the two level- 
ing screws until the bubbles in the two levels are centered. This places the azimuth 
scale in the horizontal plane. When it is set to the true heading of the aircraft, all 
graduations on the scale are aligned with the true directions (fig. 2505b). If the 
latitude of the place of observation is now set on the latitude scale, the plane of the 
local hour angle scale is parallel to the plane of the celestial equator (fig. 2505c). An 
alidade or sighting assembly (fig. 2505d) is mounted in such a manner that when the 
LHA scale is set to 0°, the alidade is aligned with the celestial meridian. If the alidade 
is now rotated about its horizontal axis, the line of sight moves along an hour circle 
and the angle formed with the plane of the celestial equator (declination) is measured 
on the declination scale. As the LHA scale is rotated, the line of sight follows a 
parallel of declination. Thus, as in figure 2505e, if the LHA index is aligned with the 
observer’s celestial meridian, the line of sight indicates the point on the celestial sphere 
having the LHA and declination set on the respective scales. 

The coordinates of the celestial equator system are hour angle and declination; 
those of the horizon system are altitude and azimuth. The two systems are connected 
by the coordinate, latitude. We thus have five coordinates, any three of which deter- 
mine the other two. Since the astro compass is designed to find azimuth, no provision 
is made for an altitude scale. When the instrument is properly installed, leveled, and 
aligned with a celestial body, known coordinates set on any three of the scales deter- 
mine the setting of the fourth scale. 

The sighting assembly (fig. 2505a) can be used to observe a celestial body, or to 
take a bearing on any object. It contains a small lens to bring two convergent luminous 
lines on the far vane into focus. The lens is used only for this purpose and not for 
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FiaurE 2505a.—An astro compass. 


observing celestial bodies. Below the lens is a translucent screen having two vertical 
lines which extend across the base of the alidade to the middle shadow-bar of the far 
vane. In stellar observations, the star is seen above the lens at the junction of the 
luminous lines (extended). See figure 2506. For solar observations, the shadow of the 


shadow bar falls between the lines on the translucent screen. 


The bearing index is on the LHA drum above the index for LHA, south latitude. 
To take a bearing, set the latitude scale to 90°, as in figure 2505a. When the alidade 1s 
aligned with the desired object, the bearing index indicates the relative bearing if the 
azimuth scale is set with [N| at the lubber’sline, and the true bearing if the azimuth 


scale is set with the true heading of the aircraft at the lubber’s line. 
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Fiaure 2505b.— When the instrument is level, the plane of the azimuth scale is parallel to the horizon. 
When the scale is set to true heading, all graduations show true directions (horizon system). 
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Figure 2505c.—Setting the latitude scale aligns the LHA scale with the celestial equator (celestial 
equator system). 
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FiauRE 2505a.—An astro compass. 


observing celestial bodies. Below the lens is a translucent screen having two vertical 
lines which extend across the base of the alidade to the middle shadow-bar of the far 
vane. In stellar observations, the star is seen above the lens at the junction of the 
luminous lines (extended). See figure 2506. For solar observations, the shadow of the 
shadow bar falls between the lines on the translucent screen. 

The bearing index is on the LHA drum above the index for LHA, south latitude. 
To take a bearing, set the latitude scale to 90°, as in figure 2505a. When the alidade is 
aligned with the desired object, the bearing index indicates the relative bearing if the 
azimuth scale is set with [N] at the lubber’sline, and the true bearing if the azimuth 
scale is set with the true heading of the aircraft at the lubber’s line. 
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FicurE 2505b.— When the instrument is level, the plane of the azimuth scale is parallel to the horizon. 
When the scale is set to true heading, all graduations show true directions (horizon system). 
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FiaurE 2505c.—Setting the latitude scale aligns the LHA scale with the celestial equator (celestial 
equator system). 
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FiaureE 2505d.— Declination is set on the declination scale. 
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FicureE 2505e.— Adjustment of LHA and d scales locates a celestial body. 
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2506. To find true heading.—In each of the following cases the instrument is 
placed in the standard which is aligned with the longitudinal axis of the aircraft, and is — 
then accurately leveled using the bubbles. Latitude is set to the nearest 0°5 using the 
latitude micrometer. Local hour angle and declination are set to the nearest 1°. 

(1) Set the latitude scale to the latitude of the estimated position, using white 
figures for north latitude and red figures for south latitude. 

(2) Compute the LHA of the body for the longitude of the estimated position 
and the time of the observation. _LHA=GHA —west longitude (or+east longitude). 

(3) Set LHA on the hour angle scale. The index for south latitude is adjacent 
to [N| (000°) on the azimuth scale and the lower (red) LHA scale is used. For north 
latitude the index is on the opposite side and the upper (white) scale indicates LHA. 

(4) Set the body’s declination on the declination scale. The white figures are for 
north declination and the red are for south declination. 

(5) Rotate the instrument until the alidade is aligned with the body. In the case 
of the sun and frequently of a bright moon, the shadow of the bar is seen to fall between 
the parallel lines on the shadow screen. In the case of a star, a planet, or faint moon 
alignment is achieved by placing the eye close to the lens so that the luminous guidelines 
can be seen through it and the body above it (fig. 2506). The point of intersection 
of the two guidelines (extended) coincides with the body when the 
instrument is accurately oriented. a 

(6) Read true heading on the azimuth scale at the lubber’s line. 7 iS 

True bearing method.—In latitudes between approximately 30° S 
and 30° N the shadow bar of the alidade becomes so nearly horizon- 
tal that accurate azimuth readings are difficult to make. In this 
case the following method is recommended, particularly for stars: 

(1) Set the latitude scale to 90°. 

(2) Compute the azimuth of the selected body for the time and 
place of observation. H.O. 249 is convenient for this purpose. 

(3) Set the azimuth of the body on the LHA scale opposite the F!¢U8# 2506.—At 
true bearing index. Saat a reey 

; ; . . ocated at the 

(4) Rotate the instrument until the body appears in the sight, junction of two 
tilting the alidade upward toward the body as necessary. luminous lines. 

(5) Read true heading on the azimuth scale. 

The azimuth of Polaris is obtained from a special table in The Nautical Almanac 
for any northern latitude from 0° to 70°. At high latitudes the azimuth of Polaris 
may depart 3° or more from true north, but in this region its altitude is so high as to 
make azimuth observations unreliable. 

Relative bearing method.—(1) Set [N] on the azimuth scale to the lubber’s line. 

(2) Set the latitude scale to 90°. 

(3) Rotate the LHA drum and tilt the alidade as necessary upward toward the body. 

(4) Read relative bearing at true bearing index. 

(5) Compute the azimuth of the body observed. 

(6) True heading is obtained by subtracting the relative bearing from the azimuth 
of the body. 

2507. To steer a true heading.—This method may be used in regions where mag- 
netic compasses are unreliable. 

(1) Set the desired true heading against the lubber’s line. 

(2) Set the latitude of the estimated position on the latitude scale. 





691-651°—63——_38 
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(3) Compute the LHA of the body for the longitude of the estimated position and 
the time of the observation. 

(4) Set the declination scale to the declination of the body. 

(5) Coach the pilot until the body is sighted at the alidade. The pilot notes the 
reading of his directional gyro or other steering compass and steers this course until 
the next astro check. 

Alternative method.—(1) Find the present true heading of the aircraft (art. 2506). 

(2) Compute the difference between TH thus found and the desired TH. 

(3) Alter heading left or right by the amount of this difference. 

2508. To obtain a bearing of a distant object.—(1) Set the latitude scale to 90°. 

(2) Set the azimuth scale to the true heading if a true bearing is desired, and to 
[N] if a relative bearing is desired. 

(3) Rotate the hour angle drum and tilt the alidade as necessary toward the 
distant object. 

(4) Read the bearing (relative or true) at the lubber’s line. 

2509. To identify a star or planet.—(1) Set the azimuth scale to true heading. 

(2) Set the latitude scale to the latitude of the estimated position. 

(3) Rotate the hour angle drum and tilt the alidade as necessary toward the body. 
These adjustments should be made carefully until the body is at the intersection of the 
luminous guide lines, extended. Note the time. 

(4) Read LHA and declination on their respective scales. 

(5) Compute GHAYT for the time of sight. 

(6) Compute GHAy¥x by applying the longitude of the EP to the LHAYy as read 
on the scale, adding if in west longitude and subtracting if in east longitude. 

(7) Compute the sidereal hour angle of the body by subtracting GHAY from 
GHA». 

(8) From the table on the inside front cover of The Air Almanac find the star which 
most nearly corresponds to the computed SHA (step 7) and the measured declination 
(step 4). 

(9) If SHA and declination do not correspond with any of the tabulated values, 
the body may be a planet. Enter the daily page of The Air Almanac for the current 
date and search in the planet columns for a correspondence of GHA¥ (step 6) and dec- 
lination (step 4). 

(10) If still no correspondence is found and no mistake in measurement or compu- 
tation has been made, the body may be one of the stars or planets not tabulated in The 
Air Almanac. The search can be continued, if expedient, in The Nautical Almanac, 
The American Ephemeris and Nautical Almanac or astar catalog. The nccessity for such 
persistence is rare in air navigation, since other stars are usually available for observation. 


Sky Compass 


2510. Function.—As indicated in article 2502, a directional gyro used for main- 
taining heading over an extended period requires resetting from time to time because 
of gyro drift. Usually, a magnetic compass is used for this purpose. However, the 
magnetic compass itself needs checking occasionally, and it is not reliable m the vicinity 
of the magnetic poles. The astro compass provides a check by means of celestial 
bodies, when they are visible. The sky compass furnishes a directional reference 
during twilight and when the sun ts near the horizon but obscured by clouds, provided 
only that the zenith is clear. It is used principally in polar regions, where the mag- 
netic compass is unreliable or subject to large and erratic errors; twilight lasts for 
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hours, or at the poles, weeks; and the sun is seldom far from the horizon. Since its use 
is confined largely to periods of twilight, it is sometimes called a twilight compass. 

2511. Principles of operation.—The basic principle of the sky compass is polar- 
ization of light, first observed by Erasmus Bartholimus in Copenhagen, Denmark in 
1669. Sunlight passing through the earth’s atmosphere is linearly polarized, and this 
phenomenon, utilized in a “half shade apparatus’ developed by the late Dr. A. H. 
Pfund, a physicist at Johns Hopkins University, is the basis of the sky compass. The 
first such compasses were made by the National Bureau of Standards in 1948, for the 
U.S. Navy. 

Light is electromagnetic energy similar to radio waves, but at higher frequency. 
The vibrations of natural light, as that from the sun, are in all directions within a plane 
perpendicular to the direction of travel, as shown at A in figure 25lla. When such 
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Figure 251la.—Light passing through polarizer and analyzer. 





light encounters a polarizer (such as the Polaroid material used in Polaroid sun 
glasses), shown at B, the vibrations in all directions but one are absorbed within the 
material. The vibrations in the one direction, called the axis of polarization, pass 
through the material. This light, shown at C, 1s said to be linearly polarized. If 
such light encounters a second sheet of Polaroid, as at D, the amount of light passing 
through depends upon the angle of the axis of polarization of this second sheet, called 
an analyzer, relative to that of the first. If the two axes are parallel, virtually all of 
the hght passes through; but if they are perpendicular, almost none passes. Hence, 
the amount of light passing through the analyzer can be varied by rotating the analyzer 
about the direction of travel of the light as an axis. 

When sunlight passes through the upper atmosphere, it is scattered by the gaseous 
particles whose electrons conform to the directions of the vibrations existing in the 
sunlight. The natural frequency of the charges in a particle of air is approximately 
that of ultraviolet light. Hence, the scattering is strongest for blue, the frequency in 
the visible range nearest to ultraviolet, thus giving the sky its characteristic blue 
appearance. Atsunrise and sunset, the light reaching the observer has traveled further 
through the atmosphere, and those frequencies in the blue range have been removed by 
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previous scattering. This allows the yellows and reds to predominate near the horizon 
in the twilight sky. If the earth had no atmosphere its sky would be as dark in day- 
time as at night. Noticeable darkening of the sky is observed at very high altitudes 
where there is much less atmosphere above the observer. 

Figure 2511b represents the wave front of a ray of sunlight proceeding horizontally 
from the sun when it is on the horizon. It passes vertically overhead of an observer 





FiGurRE 2511b.—A ray of sunlight passing overhead is polarized by air molecules. Horizontal com- 
ponents reach observer in a plane through his zenith perpendicular to ray. 


looking upward along the Y-axis toward a single molecule of the upper atmosphere in 
the ray’s path. The electrons in the molecule are set in motion by the electric fields 
in the ray of sunlight. The vibrations of the wave front are in many directions, one 
of whichis &. Vibrations in this direction set up similar vibrations (£’) in the molecule. 
Since the wave front is a plane, all of the molecular vibrations including E’ are con- 
fined to the X-Y plane perpendicular to the ray of light. There is no field or vibration 
along the Z-axis. 

The E’ vibrations can be resolved into two components, one along the X-axis and 
one along the Y-axis. These components become in effect, two sources of linearly 
polarized light. Light being a transverse vibration, no energy is radiated downward by 
the Y-component. This is comparable to a single-wire radio antenna which radiates 
no energy in the direction of its own length (art. 1105). However, the component 
along the X-axis is radiated downward (and upward) in the X-Y plane and becomes 
visible to an observer in that plane as linearly polarized light emanating from his 
zenith. 

The earth’s atmosphere thus serves as a polarizer. If a sheet of Polaroid is placed 
horizontal when the sun is on the horizon, it serves as an analyzer. When its axis of 
polarization is parallel to that of the zenithal light, maximum light passes through, 
and the sky, as seen through the Polaroid, appears bright. If the Polaroid is rotated 
about a vertical axis, the amount of light passing through decreases, and the sky 


a's 
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appears darker. Maximum darkness occurs when the analyzer’s axis of polarization 
is perpendicular to that of the light; that is, when it is pointed toward the sun. 

Such a device, then, could be used to indicate the azimuth of the sun. However, 
the sensitivity of such a compass would be low, because either the darkest or brightest 
point would be difficult to establish accurately by eye. But while the eye is not highly 
sensitive to changes in brightness, it can detect small differences in brightness in adjacent 
areas. 

This effect is accomplished by attaching a half-wave plate consisting of a piece of 
cellulose acetate (Cellophane), to the center of the upper surface of a Polaroid analyzer. 
Such a device changes the phase of the X-and Y-components of the electric field of 
linearly polarized light so that one component leads the other by % cycle. In figure 
251lc, a beam of linearly polarized light E is advancing from the left. The direction 


HALFWAVE PLATE 





FiGuRE 2511c.— Effect of half-wave plate. 


of polarization (measured by angle @) is 45° with the X- and Y-axes, and both X- and 
Y-components are in phase; that is, they reach their positive and negative maximums 
at the same time. Upon emerging from the half-wave plate, whose optic axis is hori- 
zontal, for example, the components are 180° out of phase. As shown at A, the Y-com- 
ponent is maximum positive and the X-component is maximum negative. The result- 
ant of these is shown at Z’. One-half cycle later both components are zero as shown 
at B. One-half cycle later still, at C, both components are again maximum but X is 
positive and Y is negative, bringing the resultant to #’. After another half cycle D, 
both components are again zero and so on for succeeding cycles. 

The effect of the half-wave plate has been to rotate the axis of polarization through 
90°. This angle of rotation occurs when the optic axis of the half-wave plate is at an 
angle of 45° to the axis of polarization. At this angle, both X- and Y-components 
are of equal magnitude but out of phase. At other angles, the light is ellipticaily 
polarized; that is, the components of the transmitted light are unequal and propor- 
tional to the major and minor axes of an ellipse. 
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When the optic axis of the half-wave plate is in line with the axis of polarization, 
all of the light has its phase changed, and there is no rotation (or the rotation ¢an be 
considered 180°, which produces no visible effect). When the optic axis is perpendic- 
ular to the axis of polarization, none of the light has its phase changed, and there is no 
rotation. At other angles, a maximum of light is transmitted to the analyzer in 
one direction and a minimum in a perpendicular direction. 

In the sky compass the half-wave plate is attached to the Polaroid so that the angle 
between the optic axis and the axis of polarization is about 30°. As the analyzer is 
rotated, the sky, as seen through the Polaroid, alternately brightens and darkens. 
The effect of the half-wave plate is to rotate the axis of vibration from the bright portion 
to the dark portion, and vice versa, so that this part of the sky appears alternately 
brighter and darker than that part seen through the Polaroid alone. As the optic 
axis approaches the plane of polarization, or points 90° from it, the 2 portions approach 
each other in brightness, being equal at these 4 points, called match points. If the 
angle between the optic axis and the axis of polarization of the Polaroid were 45°, 
the sky would be equally bright at all match points, resulting in a 90° ambiguity. 
At the angle used (30°), the sky appears brighter when the optic axis is in the plane 
of polarization than when 90° from it, so that only a 180° ambiguity exists. In practice 
this is not a problem, for there should never be a 180° doubt as to the azimuth of 
the sun. These effects can be observed by holding a piece of Cellophane in front 
of Polaroid sun glasses and rotating the 
Cellophane. 

The Pfund sky compass is shown in 
figure 251ld. The base is attached to 
the aircraft and aligned so that a lubber’s 
line is in line with the longitudinal axis of 
the aircraft. Provision is made in the 
mount (not shown) for leveling the in- 
strument so that the analyzer is horizontal. 
The clamp screw at the lower right is set. 
By means of the knob at the upper left, 
the analyzer is rotated until the local ap- 
parent time on the analyzer support 
appears opposite an index on the upper 
part of the frame. The clamp screw is 
then released, and the frame rotated until 
a dark match occurs. The true heading 
of the aircraft, or its reciprocal, then 
appears at the lubber’s line shown at 
the bottom center of the figure. 

The dark portion at the center of the 

Figure 2511d.—Pfund sky compass. figure is a 45° mirror to permit a view of 

the zenith by looking horizontally into the 
instrument. The clock shown at the right of the figure, if set to local apparent time 
and connected with the analyzer, keeps the analyzer properly oriented for changing 
positions of the sun, assuming the position of the aircraft does not change. ‘This ar- 
rangement is strictly accurate only at the north pole, where the motion of the sun in 
apparent time is parallel to the horizon, and in a clockwise direction. Directions are 
indicated with respect to the meridian for which local apparent time is used. In prac- 
tice, it is set for the Greenwich meridian, so that grid directions (art. 2609) are shown. 
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Figure 251le shows a sky compass 
constructed by Kollsman Instrument 
Company for insertion in a periscopic 
sextant mount. Figure 2511f shows 
the appearance of the field at a match 
point (B) and 45° on either side (A 
and (). 

When the compass is not at the 
north pole, local directions might be 
shown by setting the computed azi- 
muth of the sun on the LHA scale. 
In practice, however, this is not gen- 
erally done, for the compass is custom- 
arily used in connection with grid 
navigation. Instead, it is kept set 
as for the north pole, and a correction 
is applied to the reading obtained. 
This correction is equal to the dif- 
ference between the azimuth at the 
compass and LHA at the observer’s 
meridian +180° as shown in figure 
25llg. Azimuth can be found by 
computation, or from azimuth angle 
extracted from tables such as H.0.249. 





Courtesy of Kollsman Instrument Corporation. 


FiaureE 251le.—Kollsman periscopic sky compass. 
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Example.—At GMT 2200, the DR position of an aircraft is L 75° N, \ 126° W, 
at which time GHA of the sun is 148° and declination is 21° S. 
Required.—The correction to be applied to a Pfund sky compass set to Greenwich 


apparent time. 


BUBBLE RETICLE LINE 





INDEX SCALE 


Figure 2511f.—Field of Kollsman periscopic sky compass at match point (B) and 45° away. 


Solution.— 
GMT 2200 
GHA 148° 
r 126 W 
LHA 22° 


LHA + 180° 202° 


Zn 201° (from H.O. 249) 


corr.(—) 1° 
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When the optic axis of the half-wave plate is in line with the axis of polarization, 
all of the light has its phase changed, and there is no rotation (or the rotation can be 
considered 180°, which produces no visible effect). When the optic axis is perpendic- 
ular to the axis of polarization, none of the light has its phase changed, and there is no 
rotation. At other angles, a maximum of light is transmitted to the analyzer in 
one direction and a minimum in a perpendicular direction. 

In the sky compass the half-wave plate is attached to the Polaroid so that the angle 
between the optic axis and the axis of polarization is about 30°. As the analyzer is 
rotated, the sky, as seen through the Polaroid, alternately brightens and darkens. 
The effect of the half-wave plate is to rotate the axis of vibration from the bright portion 
to the dark portion, and vice versa, so that this part of the sky appears alternately 
brighter and darker than that part seen through the Polaroid alone. As the optic 
axis approaches the plane of polarization, or points 90° from it, the 2 portions approach 
each other in brightness, being equal at these 4 points, called match points. If the 
angle between the optic axis and the axis of polarization of the Polaroid were 45°, 
the sky would be equally bright at all match points, resulting in a 90° ambiguity. 
At the angle used (30°), the sky appears brighter when the optic axis is in the plane 
of polarization than when 90° from it, so that only a 180° ambiguity exists. In practice 
this is not a problem, for there should never be a 180° doubt as to the azimuth of 
the sun. These effects can be observed by holding a piece of Cellophane in front 

of Polaroid sun glasses and rotating the 


LE Cellophane. 
ee ~  e The Pfund sky compass is shown in 


figure 251ld. The base is attached to 
the aircraft and aligned so that a lubber’s 
line is in line with the longitudinal axis of 
the aircraft. Provision is made in the 
mount (not shown) for leveling the in- 
, -_—s strument so that the analyzer is horizontal. 
_ --—s- The clamp screw at the lower right is set. 
» By means of the knob at the upper left, 
the analyzer is rotated until the local ap- 
parent time on the analyzer support 
appears opposite an index on the upper 
part of the frame. The clamp screw is 
then released, and the frame rotated until 
a dark match occurs. The true heading 
of the aircraft, or its reciprocal, then 
appears at the lubber’s line shown at 
the bottom center of the figure. 
The dark portion at the center of the 
Figure 2511d.—Pfund sky compass. figure is a 45° mirror to permit a view of 
the zenith by looking horizontally into the 
instrument. The clock shown at the right of the figure, if set to local apparent time 
and connected with the analyzer, keeps the analyzer properly oriented for changing 
positions of the sun, assuming the position of the aircraft does not change. This ar- 
rangement is strictly accurate only at the north pole, where the motion of the sun in 
apparent time is parallel to the horizon, and in a clockwise direction. Directions are 
indicated with respect to the meridian for which local apparent time is used. In prac- 
tice, it is set for the Greenwich meridian, so that grid directions (art. 2609) are shown. 
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Figure 251le shows a sky compass 
constructed by Kollsman Instrument 
Company for insertion in a periscopic 
sextant mount. Figure 2511f shows 
the appearance of the field at a match 
point (B) and 45° on either side (A 
and C). 

When the compass is not at the 
north pole, local directions might be 
shown by setting the computed azi- 
muth of the sun on the LHA scale. 
In practice, however, this is not gen- 
erally done, for the compass is custom- 
arily used in connection with grid 
navigation. Instead, it is kept set 
as for the north pole, and a correction 
is applied to the reading obtained. 
This correction is equal to the dif- 
ference between the azimuth at the 
compass and LHA at the observer’s 
meridian +180° as shown in figure 
25llg. Azimuth can be found by 
computation, or from azimuth angle 
extracted from tables such as H.O.249. 





Courtesy of Kollsman Instrument Corporation. 


FIGuRE 251le.—Kollsman periscopic sky compass. 


a — 


EHrample.—At GMT 2200, the DR position of an aircraft is L 75° N, » 126° W, 
at which time GHA of the sun is 148° and declination is 21° S. 
Required.—The correction to be applied to a Pfund sky compass set to Greenwich 


apparent time. 


BUBBLE RETICLE LINE 





A INDEX SCALE 





FicgurE 2511f.—Field of Kollsman periscopic sky compass at match point (B) and 45° away. 


Solution.— 
GMT 2200 
GHA ‘148° 
r 126 W 
LHA 22° 


LHA+180° 202° 


Zn 201° (from H.O. 249) 


corr.(—) 1° 
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This correction can 
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either be applied to the values read from the sky compass, 


or can be applied in time units to the setting of Greenwich apparent time on the sky 


compass, so that values 


read from the compass are correct. Table 2511 gives values 


of the correction for latitudes 65° N to 85° N for periods when the sun’s altitude is 


between (+) 10° and (—) 7°. 


This coverage is adequate for current usage of 
the sky compass, but, if necessary, 
can be extended by the method indicated 
above. 

As stated above, the sky compass is of 
most value in high latitudes during twi- 
light, when the sun is slightly below the 
horizon. Its accuracy decreases rapidly 
when the negative altitude of the sun 
exceeds about 6°5. It can be used for 
positive altitudes when the sun is obscured 
by clouds, provided the zenith is clear. 
However, the percentage of linearly po- 
larized light in zenithal light decreases with 
increasing solar altitude. Hence, the sen- 
sitivity is reduced as the sun’s altitude 
increases. Moreover, the leveling of the 
instrument becomes critical under these 
conditions. It is most sensitive and ac- 
curate when the sun is near the horizon, 
the time when it is most necded. 





FiaureE 2511g.— Azimuth correction for sky compass. 


TABLE 2511. Correction to Sky Compass Readings 














65° Latitude 
Declination Same Name Declination Contrary Name | 
LHA i = 'LHA 
0° 5° 10° | 15° 20° | 25° 0° 5° | 10° ; 15° | 20° | 25° | 
1 ene cen, ERE ES CAPER ERIE LEEM ARI) (GRE oRR OG | ARR EMeL SERS fas Menor a0, 001 ao! 360 
| Cece LE Se & (ne RNa (UNS Es ean AaN [ONC | Utne (eran) | SRO eine —0.2 —0.6 —0.9 | 350 
BOF certs Gest ll teens Syereadl ea ccts dle ceocerll aes eecig Slime hg a ~0.5 |—-1.2 -19 340 
51 oPeee era (Rete ve (eres) NCR Ree eR mene! (eRe nevSIn | ce nee (ernest (ONC ane —0.9 |-2.0 '—3.0 | 330 
MN eet acetic ess ce Nt Bet Mh eae cA mca  igieel ac alas —0.1 |-1.5 |—2.8 '—4.2 | 320 
Yt i gene [eet En SEN, (NAMI, SOTO ENS OME ei] | ORTERT +1.0 |—0.6 |—2.2 |-3.9 |-5.5 | 310 
GO 2A ess Na cetell oa ese ae +2.4/4+0.5 |--1.4 |-3 2 —5.0/|—69 | 300 
G0 VAT Olen et ue ed lst | aan +17 |-0.3 |-23 |-4.2 |-6.3 |.._..- 290 
80 |+0.9 143.0 /4+5.2 |...- 2 |.---2|- 22. '+0.9 !—-1.2 —3.2 |—5.4 |-7.5 |.----- 280 
90 | 0.0 /42.1 |+4.3 |/46.5 |---__-|------ 0.0 ;-2.1 43 a | es eee eee ee 270 
100 |—0.9 |+1.2 /+3.2 [+5.4 |+7.5 |---_-- zy eC! oor | Bs ee (ce 260 
110 —1.7 |40.3 /42.2 44.2146 3/484 ||-17 |-3.8 |—5.9 |.----_|------|--- 250 
120 ;-2.4 |-05/41.4 pee +5. 0 G20) Wd ba sess Na ih 3 all Sees 240 
130 |.-__-- SO 06 V2 BG ot le eee tee eet ee 230 
140: loon ctl aaten a | Ug ool es ane <r | Lene gn (REPEATER, (MIR eNO |e 220 | 
P50 ee Sac Setos cout. Se 2 Os. ABO) Week a ete ee aie a ciate tte dk 210 
LOO fete ase oe Danas ates 5 (ae 21>) | | et LEPC, Semen one ne tae ne aaa 200 
170 et aloe ae | medenk Cle acl) 1 | Sa Ae RO LT ORN, Ue ER feel artes 190 
1 ay Ee PRO OR [ONAN Coen, | Oe aICR aD REESE | ERS Ay mE GOES! | Roane NE oe Deeregme ner epee es 180 , 
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TABLE 2511. 


70° Latitude 


Declination Same Name 




















Correction to Sky Compass Readings—Continued 


Declination Contrary Name 


LHA 
o° | 5° | 10° | 15° | 20° | 25° |} of | 5° | 10° | 15° | 20° | 25° 
——}-—} 

1 Ee | Serene |e) Leena’ Senne] | FPS INeeRE 0.0} 00! 00) 00 
TO Veco lao ene cette el eatacert aaah alla eytelleacie sat lacenetent 0.0 |—0.3 |—0.6 |—0.9 
De sect nlliacie se cle ee yl aha all ncaa eel ae eel lecgete rll Aeca —0.1 ;—0.7/—1.2 |—-1.8 
BGs | apse tents ones oe a a eaageet aot cone eee Ae en —0.2/—1.1|—1.9 |-2.8 
RO Weta tel pete gate ellen le ceed Nick ee all amtas +0.6 —0.5'—1.6 |-2.7 |-3.8 
BO eases lacey ett ice tea ee epee eel atanes 404!-0.9 —22/-36,—4.9 
BOs od ei dicated eee sect leew anced heute eerie, 44-5 | 0,0 =151—3. 0 |= 4.5 6.0 
70 eT OO cele ere dle Sse 41.1 /-0.5 |—2.1/—3.7 |—5.4 |.--8- 
g0 |+0.6 [42.3 440 |...___|...___|.___-- AEG 31020 B24 Bone zu ae: 
90/ 0.0/41.7 |43.5 |....__|.---__|.__--- ie | gms ey oe Genes | eee cere! 
100 —0.6 |41.1/428/4+4.5 |.._.__|.___.. POG sci ors anes tele lmao aie 
110 =11 40.5 1421/4327 /45.4/..__.. eR fe ne had ete Weck gli esd al eed re 
190 | —1,6 | 6.011, 6 14300 14405. | 460 adi ieee oes ewe eatee cl eee 
130 |_.._.. SV. FAD 1 1 OW ec icie es sll aeec rl le metal eleeery Leen 2 
140 |....__|.___-. 0 A DV BER eee ted oleae eater cel wince 
150 ocetan bo tee tees Hoge Pe epee ee lee 9 ate eer ele tea calla nse s lee ees 
TC es (omnia, Crees a (er ae 7a ey he | (eet | OORNe| eirae, (v (een 
21 ene Miettinen aemieeiees 06 OO IN care nactare (ntl eemeied Loancela einen 
TSO ecns eal resins eaten aera tts les ence OOF eae efecto calle pete ees ence 

75° Latitude 

ee Ce eee eee (eee | Sco 00! 00! 00] 00! 00 
AOe oman cnceed, dete actlbe catalan! aeaecee laa eine 40.1 /-0.1 |-0.3 |-0.6 |—0.8 
7 Vi eee [Oe nee tk (Rens) Sipe enee anes | ORE 40.2 |—0.3 |-0.7 |-1.1 |-1.6 
BO aac leait atte, Ae latae ele acaall ct wcealllicaseeet +0.2/-05 /—-11/-1.8 |-2.4 
NO yas, ctilhinty ntl one cated ia iedtse| ease es enol ote +01 /-07 |-1.6 |-2.4 |..___- 
BOO lipscercell sere len nam cll sccers!| Ge 41.0] 00 /—-1.0 |—2.0 |—3.0 |_____- 
60 |+0.9 +20 |...___|._..__|.--.-_[22--- 1001008 1 ea alee cs 
70 |+0.6 |+1.9 |_..-_.|.--_--_J--_-- Je eee +0.6 |—0.6 |—1.8 |—3.0 |__.___|____-- 
80 |+0.3 |41.6 429 |.._.._|._.___|.___-. 403/-09 |—22 |._..._|....2-|.o2 oe. 
90| 0.0 |+1.3 426 |.__...|....__|.-__-- 0.0 |—1.3 |-2.6 |___...|....__|..._-- 
100 |—0.3 |+0.9 |+2. 2 |4+3.5 |______|.____- |—0. 3 2G x : Gl RCReeOD, NAMIE: Rare! [Seneneee 
110 |—0.6 [+06 [41.8 |43.0 ...._.|.___.. Feo ee eee eee eee 
120 |—0.9 +0.3 |41.4 [42.5 |+3.7 |..._.- 09 Ero (Noman NPs screen) (Gata ae 
130 |—1.0; 0.0 |4+1.0 |+2.0 |4+3.0 |...__- Ene | ee OR Dee, Penne | Manat 
140 |~1.0 |—0.1 [40.7 |41.5 (42.4 43.2 11.0 |....._|.....-|....--|.--.--L ee 
150 |..__.- oP eee see es ec ee | (ee tit eee 
160 |..___. —~0.2 403/407 |41.2 [41.6 ||... -|-. 0. foo fe ee 
170 |. _..- omer ete ae ee a Pe | | a | (ee 
180 |....._|.____. O:0-) O20) 0001 OOK seal bcc cccebeawecelcco se ddaaee 
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140 
150 
160 
170 
180 


10 
20 
30 
40 
50 
60 
70 


90 
100 
110 
120 
130 
140 
150 
160 
170 
180 


TaBLeE 2511. 
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80° Latitude 








Declination Same Name 


0° 5° | 10° | 15° | 20° | 25° 
0.0) 080 et lt eet ale eae 
eee | eA | Oe (a || (O(a 
0S) ASO ecco Newb ier eeea duce ese 
| a |e een Oe ee Cen (ON 
+0. 4 +10) Liat celles lite ac allettatene 
Oa Meta ate ech Neat te 
AS EA eee We oa Peay, elles See, 
= x Fey | eee OS (eee ee) (Enna 
Sek ¢ a |e Oe) eS ee LA 
0.0 |+0.9 /41.8 |______|______|.____- 
es as We ae as er: eK | 
230) 99/40: 5 i 4 Oss clone 
—0.4 40.4 |41.1 41.9 |______]_____- 
—0.4 |+0.2 |+0.9 |41.6 |..____|_____- 
0.4. EO) 1 807 141 lec ec 
—0.4 /4+0.1 /+0.5 |+09 /41.4 |_____- 
—03| 0.0 /+03 |4+0.6 /+09 |____-_- 
—0.2) 00/402 /+0.3 |4+0.5 |___-_.., 
00! 00! 00] 00! 00] 00 
85° Latitude 
00 OO eee lest dar eels 
O50. OT ended heeine coaeud | ecesten 
NO A HE Os Dac vese as eae snss cent eee 
BIE (0) Wal Et | (a | 
QT: (AO A ageme Aa dok tlt ketal aes! 
GT FEORA Versi Nai a oe HE ais 
Bre | Wa | as |e ee eae |e 
99 1025 10: 9 eccoselsuaced|teu2 cu 
00/405 +09 |..._.-|..-.-_|.-._-- 
0.0 |+0.5 +09 |._____|.--___|.-._-- 
0: 0-10. 4/408 lees ose dak 
20) 1 409 A008 yee] ee sce 
ear) ay ae | oy 2 | |e 
SO: 2 OS sce eel Soe ke 
2040.2. POS lscccceeceuelbeows 
—0.1/+0.1 40.3 |._____|.--___|-_-_-- 
SSO EO Dende scalecee dletewese 
00) 00/401 |.__.._|._----|.-__-- 
00/ 00! 00! 00 |__---_|-_---- 


Correction to Sky Compass Readings—Continued 


Declination Contrary Name 


LHA 

5° 10° 15° 20° 25° 
00; 00/ 020; 00; 0&0] 360 
0.0 |—0.2 |—0.3 |—0. 5 |------ 350 
0.0 |—0.3 |-0.6 |—O9 |------ 340 
--0.1 |—0.5 ;—0.9 |—1. 4 |------ 330 
=O. 1 | =0.7 |= 1.3: | 1. 8 2222-2 320 
0.2 | OL9 4 4e 6 heen Scie 310 
= 04 Te ee eet 300 
0.0 td ec eons cede sole tne 290 
Oe dO: cele oul ee ct es 280 
Oe Ne isi 2 a ee lee Ae 270 
SO skasc| sent relent oleae 260 
SN DS ores ei a 250 
SP 2 Sac see ore deel sees 240 
Chee See She atere eek oa eta Seca 230 
ARTERIES Pee Ape Oe (eee aes ee ennrae (eae nats eee 220 
BOs ule aes area eau cmiee oO 210 
faa i ag Nite hell ne eg NN ces SOO es Ge 200 
pe eer ae aeons SESE epee | mentee En con ee 190 
ne a il A aa acl te ie ae (aaah ll eas wi 180 
O20: 00) O20: |ss0s5 kee 360 
ONO S001. see tale vs tec ee eee 350 
=O) One ee oe le eee 340 
SO Orewa toca Be lees 330 
10) 2) OO | meets eas | eee 320 
S022 O20 Naset opel Le 310 
sass aa coed | Seg’ il Perey pee seamen Peete 300 
SOied OVS: |e eet |bn se cloaked 290 
OA SOS: bases ol eee ol as 280 
0) OO Oe ee ee as SS 270 
08 OO eas eer oe 260 
SEO si eee oi ep 250 
=20O es 022.5) cece Sa eclS eee ee 240 
OA eheeite eeteteoeee eo 230 
QE | ele te el eed ee ee 220 
Seed, | es Sl Laeneespennne, eeeerslnge gre Pegrerenet are Rea taraae 210 
sel | SO- her eee teens paragon (VEO) cea Pan ane 200 
S20) 1: lence eee eae eee eee 190 
O30. nt 2ele sea. cececlecegs< 180 





For LHA 0° to 180°, apply to azimuth by sky compass in accordance with sign as given. 
For LHA 180° to 360°, apply with reversed sign. 


COMPASS SYSTEMS 589 


A thick cloud layer overhead scatters the polarized light from the zenith, prevent- 
ing use of the sky compass. A thin haze also destroys the polarization unless the sun 
is below the horizon and the haze is not illuminated directly. Clouds between the 
observer and the general direction of the sun are without effect if the zenith is clear. 
However, sunlight reflected from clouds in the opposite direction 1s partially polarized, 
the amount of the polarized portion reaching maximums in directions approximately 
135° from the sun’s azimuth. Errors of several degrees may exist in sun compass 
readings under these conditions. 

The moon has a similar effect, which reaches a maximum when the moon is approxi- 
mately 140° in azimuth from the sun (about 3 to 4 days before or after full moon) and 
the moon’s altitude is 10° to 20°. An azimuth of the moon can be obtained by sky 
compass, although with considerable uncertainty, when in the full or nearly full phase. 
The sun must be at least 12° below the horizon, and the moon not more than one or two 
degrees below for optimum results. 

For best accuracy, the analyzer must be level and have an unobstructed view of 
the zenith, for if light does not enter the analyzer perpendicularly, an error is introduced. 
An even larger error results if the opening in the skin of the aircraft, through which 
light reaches the analyzer, is not horizontal, as would occur if the sky compass were 
mounted off center in an astrodome. 


CHAPTER XXVI 
POLAR NAVIGATION 


Polar Regions 


2601. Introduction.—Prior to World War II virtually all navigation took place in 
low or intermediate latitudes. During that war, operations gradually pushed to 
higher latitudes, and by the time hostilities ceased in 1945, long-range aircraft had been 
sufficiently developed that this last great, virtually unknown area became readily 
accessible. Within a few years operations in high latitudes involved thousands of 
individuals. 

Basically, navigation in polar regions does not differ from that of lower latitudes, 
but some differences in technique and equipment have evolved because of the unique 
conditions encountered near the poles. A knowledge of these, and the reasons for 
them, should be mastered by anyone who ventures into high latitudes. 

2602. Extent of polar regions.— Various criteria have been used to define polar 
regions. Many of these have been based upon meteorological considerations, usually 
mean temperature, the length of the frost-free growing season, amount of ice, or the 
tree line. Astronomically, the limits might be considered the polar circles at latitudes 
66°33’ (approximately) north or south (90° minus the maximum declination of the 
sun) at which the sun becomes circumpolar. (Actually, the circumpolar area is ex- 
tended somewhat because of refraction, dip, and semidiameter.) Below the polar 
regions, however defined, transitional subpolar regions are often defined, particularly 
by those using a meteorological basis. 

The navigator thinks of polar regions in terms of specialized navigation tech- 
niques and equipment. These depend largely upon astronomical, cartographic, and 
magnetic considerations, resulting in a poorly-defined, somewhat irregular boundary 
approximating the 70th parallel of latitude. Roughly, this includes the Arctic Ocean 
and the northern portions of some of the land masses surrounding it, and most of the 
antarctic continent. The subpolar regions may be considered as extending another 
10° of latitude, to the southern tip of Greenland in the Arctic, and well into the stormy 
seas surrounding Antarctica. 

2603. Polar geography.—The two polar regions are almost exact opposites with 
respect to the relative positions of land and water, the arctic being a central water area 
nearly surrounded by land, and the antarctic having a central land mass completely 
surrounded by water. See figures 2603a and 2603b. 

The central water area of the Arctic is not as large as an ocean, having an area 
slightly smaller than that of the United States. It consists of a basin having a greatest 
depth of a little more than 16,000 feet, surrounded by a comparatively shallow conti- 
nental shelf of varying width, on which the islands of the Canadian archipelago are 
situated. The depth within 50 miles of the north pole is about 14,000 feet. Several 
portions of the Arctic Ocean are called seas and most of these have their own smaller 
basins. A notable exception is the Hudson Bay, a relatively shallow inland sea. 
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Figure 2603a.—The north polar regions, or arctic. 


The Arctic Ocean is bordered in the western hemisphere by Greenland, Canada, 
and Alaska, and in the eastern hemisphere by Norway, Sweden, Finland (Scandinavia), 
and the USSR. Iceland, Jan Mayen, Spitzbergen, Franz Josef Land, and Novaya 
Zemlya are important islands in this area. There are no islands in the main polar basin. 
Cape Morris Jesup, on the northern coast of Greenland, is the most northerly land in 
the world, being 380 nautical miles from the north pole. Some of the land has high, 
rugged mountains with permanent ice caps, but much of it is low and marshy, when 
thawed. Underlying, permanently frozen ground, called permafrost, prevents adequate 
drainage. Hence, the surface is covered with a seemingly infinite number of lakes 
and ponds and extensive areas of muskeg, which is soft, spongy ground with charac- 
teristic growths of certain types of moss and tufts of grass or sedge. There are large 
areas of tundra, which are low treeless plains with vegetation consisting of mosses, 
lichens, shrubs, willows, etc., usually with an underlying layer of permafrost from a 
few inches to hundreds of feet thick. 
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F1iGuRE 2603b.—The south polar regions, or antarctic. 


Antarctica, the antarctic continent, is a high, mountainous area about twice the 
size of the United States, surrounded by a belt of notoriously stormy seas. An ex- 
tensive plateau of snow and ice is about 10,000 feet high, and several prominent moun- 
tain ranges have peaks more than 13,000 feet high. The height at the south pole is 
about 9,500 feet. The average height of Antarctica is about 6,000 feet, which is higher 
than the average of any other continent. Much of the coast is high and rugged, and 
the sea in the large indentations is covered by tremendous ice shelves 500 to 1,000 
feet thick. 

The population of the arctic is small, and most of the smaller islands are unin- 
habited. The people are largely American Indians, Eskimos, Lapps, and Russians. 
The antarctic has no permanent inhabitants, but weather stations are maintained in 
the Palmer Peninsula below South America. 

2604. High latitudes.—In his thinking, conventional man has lived in a “rectan- 
gular’? world. Usually, he has thought of the north-south meridians as being parallel 
to each other, and perpendicular to the east-west parallels of latitude, the two forming 
the familiar Mercator graticule. Directions measured relative to the meridians and 


Digitized by Google 


--_S> —————- ——S— _ SS I oe. LL 


- 


POLAR NAVIGATION 593 


maintained by means of a magnetic compass have seemed adequate. For practical 
purposes a ‘‘straight’’ line has been either a rhumb line or great circle, as convenient, 
which means that it has been a rhumb line for most purposes. In temperate latitudes 
celestial bodies rise in the eastern sky, climb to a relatively high point as they cross 
the celestial meridian, and set in the western sky. By this process the sun divides 
the day naturally into two roughly equal periods of daylight and darkness, separated 
by relatively short transitional periods of twilight. The hour of the day is associated 
with this diurnal motion of the sun. Except at very high speeds, one’s own motion 
over the earth has an almost imperceptible effect upon the apparent motions of celestial 
bodies. 

In polar regions conditions are different. Here the pole is a great hub from which 
the meridians radiate like spokes of a giant wheel. It is the center of a family of con- 
centric circles constituting the parallels of latitude. In this area a person can go 
“around the world,’ in the sense that he crosses all meridians, in a matter of hours 
or even minutes, by following a circle of small diameter. The usual convention of 
direction is quite inadequate because of the rapid convergence of meridians. A 
“straight” line may change direction by as much as 1° per mile or even faster near 
the pole, and the use of a rhumb line to represent such a “‘straight”’ line is unacceptable. 
Even visual bearings must be plotted as great circles if a reasonably accurate repre- 
sentation of actual conditions is to be attained. In the extreme case two aircraft 
within sight of each other might each be north (or south) of the other. At the pole 
longitude replaces direction, since all ‘‘directions”’ are south (or north). 

At the pole the stars circle the sky without noticeable change of altitude, half 
of them remaining above the horizon and the other half staying below. The day and 
year coincide, the sun rising late in March (in the northern hemisphere), slowly spiraling 
to a maximum altitude of about 23°27’ at the solstice, spiraling back to the horizon 6 
months after rising, and not reappearing until the end of the 12-month period. It 
takes about 32 hours for the lower limb of the sun to appear after the upper limb rises, 
during which time the sun circles the sky 14 times. Twilight lasts for several weeks. 
The moon rises and sets about once a month. Planets are above or below the horizon 
according to their declination, since the celestial horizon and celestial equator are the 
same great circle for an observer at the pole. Jupiter rises and sets once each 12 
years and Saturn each 30 years. 

Since the diurnal motion of celestial bodies is approximately parallel to the horizon 
in polar regions, the altitude may be affected more by one’s own motion across the 
earth than by the apparent motion of the body. An aircraft on a westerly course 
can easily keep up with or even overtake the sun. Thus, from an aircraft traveling west 
at approximately 225 knots at latitude 75° the sun would appear stationary in the sky. 
From an aircraft flying in polar regions during twilight, the sky may become brighter 
or darker with little regard for the time of day. The hour of the day loses its familiar 
significance. Time zones become ever narrower as one approaches the pole, where they 
meet. 

The long polar night is not wholly dark. The moon at this time remains above 
the horizon for several days near ‘full’? phase. Light from the aurora borealis in the 
arctic and the aurora australis in the antarctic is often quite bright, occasionally 
exceeding that of the full moon. Even the planets and stars contribute an appreciable 
amount of light in this area where a snow cover constitutes an excellent reflecting 
surface. 
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There is, of course, no sharp dividing line between these conditions and more 
familiar ones. The transition is gradual, and hence the difficulty in establishing a 
definite boundary to polar regions. 

2605. Polar weather.—Polar regions have low mean annual temperatures, but 
the normal temperature range is not extreme over the oceans. At the north pole the 
mean monthly temperature ranges from about (—) 37° C in January to a httle above 
freezing during July. The coldest temperature is slightly below (—) 50° C. Colder 
temperatures have been recorded in Yellowstone National Park! More extreme values 
are recorded over land, both in winter and summer. Extreme temperatures of (—) 68° 
C and (+) 38°C have been recorded within the arctic circle. 

At flight altitudes of 10,000 to 20,000 feet the temperature generally remains between 
(—) 20° C and (—) 40° C the year round, but on one occasion a temperature of (+) 
50° C (122° F) was recorded at 10,000 feet over the northern Canadian coast. During 
winter and spring the air at 18,000 feet is warmer than that at the surface. During late 
July and August the freezing level in the arctic is generally at about 6,000 feet. In Sep- 
tember it lowers somewhat, ranging between about 2,000 and 6,000 fect, and by Novem- 
ber it has usually lowered to the surface, where it remains until the following July. 

The clouds of the arctic are usually of stratus type, although cumulus clouds are 
sometimes encountered over the islands. Cloudiness is greater in summer and fall 
than in winter and spring. Spring, and particularly April, has the best flying weather 
in the North American arctic; fall has the worst, both at flight altitudes and at terminals. 
Storms are frequent, and cloudiness often extends to great heights. Low ceilings and 
fog are prevalent, although fog may occur at any time of the year. 

Ice fog sometimes forms when the temperature is very low and the wind is light or 
absent. A type of ice fog called ice crystal haze is quite general over the arctic during 
winter and spring, apparently reaching its greatest proportions at about (—) 20° C, 
and generally when the temperature is higher than on the ground. The haze usually 
lasts from 1 to 2 days, and then gradually disappears as clouds form. Ice crystal haze 
has been observed as high as 22,000 feet. Celestial observations are difficult to make 
through any but a very thin layer of this haze. Lower frequency electronic aids such 
as loran are adversely affected by ice crystal haze, but it has little effect on the higher 
frequencies used for radar. 

When air over open water 1s much colder than the water, steam rises from the sur- 
face, sometimes to a height of several hundred feet. This is called frost smoke or sea 
smoke. 

A factor that is often overlooked in the forecasts, but is of considerable importance 
to aircraft operating in an areca where alternate airports may be hours of flying time 
away, 1s the problem of blowing snow, which may extend to heights of as much as 200 
or 300 feet, and may last for several days, making landing unsafe. 

Strong winds are rarely encountered at low altitudes over the Arctic Ocean. At 
flight altitudes the wind is generally moderate, and from a westerly direction. 

Turbulence is infrequent in the arctic, and is seldom encountered in the summer 
unless flying through a front or at low altitude across land. During late fall and winter 
it is somewhat common over openings 1n sea. ice. 

Visibility is usually exeellent when there are no interfering clouds or ice crystal 
haze. However, when snow obliterates surface features, and the sky is covered with 
a uniform layer of cirrostratus or altostratus clouds, so that there are no shadows, 
the horizon disappears and earth and sky blend together, forming an unbroken expanse 
of white, without features. Landmarks cannot be distinguished, and with complete 
lack of contrast, distance and height above ground are virtually impossible to estimate. 
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This is called arctic (or antarctic) whiteout. It is particularly prevalent in northern 
Alaska during late winter and spring, and presents a real hazard to a low-flying aircraft. 

Forecasts are not as reliable and complete as might be desired, for relatively few 
synoptic reports are available, and experience in these areas is not as extensive as else- 
where. The importance of information on surface conditions at the destination has 
been mentioned. The possibility of encountering high clouds or ice crystal haze is 
important to the navigator of aircraft that cannot climb above the layer that may 
obscure one’s view of the sky, particularly in an area where celestial bodies are the 
primary means of determining position and the only means of determining or checking 
direction. The position of the freezing level is important to aircraft that must fly through 
it, which is nearly always the case when a flight originates at a point where the tempera- 
ture at the ground is above freezing. Because of the lack of adequate facilities for 
forecasting the weather, pilots and navigators operating in polar regions must often 
make their own analysis or supplement that received. This is particularly true where 
operations are conducted from an isolated base not having an acrologist. 

In the antarctic the high, central land mass surrounded by water, virtually the 
reverse of the arctic, results in weather quite different from that of the north polar 
regions. A permanent, shallow high-pressure area remains close to the south pole. 
This is surrounded by a low-pressure belt skirting the edge of the pack ice along the 
northern edge of the continent. The upper air descends over the continent, where it 
becomes intensely cold and moves outward and downward toward the sea, where it ar- 
rives as southeasterly winds due to the rotation of the earth. The winds remain strong 
throughout the year, frequently attaining hurricane speeds, and sometimes reaching 
speeds of 100 to 200 knots at the surface. These are the strongest surface winds en- 
countered anywhere in the world, with the possible exception of those in well-developed 
tropical cyclones. They carry great quantities of blowing snow into the ocean. Local 
winds, sometimes of great speed and small extent, produce local variations in the general 
circulation. Along the coast the winds are extremely variable. 

Blizzards lasting from a few hours to several days are very common during the 
southern autumn and winter, but are rare during the summer months of November, 
December, and January. They usually do not extend far out to sea. 

Rain is common along the Palmer Peninsula, and it occasionally falls along other 
of the more northerly parts of the coast, but nearly all of the precipitation in Antarctica 
is in the form of dry, powdery snow. Average annual precipitation probably does not 
exceed 5 to 10 inches of water, but reliable measurement is difficult because strong 
winds and great quantities of blowing snow usually accompany the falling snow. 
Relatively little of the whirling, almost horizontally moving snow settles in a snow 
gage, and it is difficult to estimate what portion has been picked up from the surface. 
The snowfall inland is apparently much greater than would be anticipated from the 
permanent high pressure and the cold, dry air, considering evaporation from the 
permanent ice cap over Antarctica, and the large amounts of ice and snow dissipated 
into the ocean. 

The coastal regions have long periods of cloudless skies during the antarctic sum- 
mer, and frequent cloudless periods during the winter. In the spring and fall the sky 
is usually overcast, the predominant types being stratus, stratocumulus, altostratus, and 
altocumulus. Inland, the skies are believed to be generally clear, but little information 
is available on the weather of interior Antarctica. Fog is frequent in the region of 
icebergs and pack ice along the coast. Antartic sca smoke is common when very cold 
air is Over open water. 
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In the absence of blowing snow, fog, or sea smoke, and nearly always at flight 
altitude, the visibility is remarkably good, resulting in low estimates of distance. 
Mirages and other optical phenomena such as halos are of frequent occurrence. 

The temperature in Antarctica is characteristically low. Only in a few places, 
particularly on the western side of the Palmer Peninsula, have temperatures above 
freezing been recorded. Winter temperatures along the coast are very low, varying 
somewhat with the latitude, but depending principally upon the frequency of southerly 
blizzards and the moderating effect of nearly open water. Very little is known of 
winter temperatures in the interior, but this is probably the coldest part of the world, 
lacking the moderating influence of water, and being at a considerable height above 
sea level. Certainly the wind-chill factor is extreme. The few temperature readings 
taken at some distance back from the shore indicate a rapid temperature gradient. 
A low of (—)88°3 C was recorded in August 1960 at latitude 78°5 S, longitude 106°9 E. 

Enough local knowledge has been gained to permit forecasts which are often quite 
accurate in some areas, despite the lack of synoptic information from many reporting 
stations. A knowledge of local conditions is useful to anyone operating in the antarctic. 

Relatively little is known of conditions at flight altitudes in the antarctic. A 
record low temperature of (—) 97° C was measured at a height of about 75,000 feet 
above Halley Bay in August 1959. 

2606. Summary.—The more prominent characteristic features associated with 
large portions of the polar regions may be summarized as follows: 

1. High latitude. 

2. Rapid convergence of meridians. 

3. Nearly horizontal diurnal motion of celestial bodies. 
4. Long periods of daylight, twilight, and semidarkness. 
5. Low mean temperatures. 

6. Short, cool summers and long, cold winters. 

7. High wind-chill factor. 

8. Low evaporation rate. 

9. Scant precipitation. 

10. Dry air (low absolute humidity). 

11. Excellent sound transmitting conditions. 

12. Periods of excellent visibility. 

13. Extensive fog and clouds. 

14. Large number and variety of mirages. 

15. Extreme refraction and false horizons. 

16. Winter freezing of rivers, lakes, and part of the sea. 

17. Areas of permanent land and sea ice. 

18. Areas of permanently frozen ground. 

19. Large areas of tundra (arctic). 

20. Large areas of poor drainage, with many lakes and ponds (arctic). 

21. Large areas of muskeg (marshy soil with grass, when thawed) (arctic). 

22. Extensive auroral activity. 

23. Large areas of low horizontal intensity of earth’s magnetic field. 

24. Intense magnetic storms. 

25. Uncertain radio wave propagation. 

26. Strong wind (antarctic). 

27. Frequent blizzards (antarctic). 

28. Large quantities of blowing snow. 


POLAR NAVIGATION 597 
Charts 


2607. Projections.—The various projections used for polar navigation are ex- 
plained and discussed in articles 221 and 222. 

In the immediate vicinity of the pole, all polar projections are about equally suit- 
able, but as the distance from the pole increases, their distinctive features become 
apparent. It is desirable to have a single projection for all charts from the pole to 
areas covered by charts on projections suitable for intermediate latitudes, but since 
no single projection fully meets all of the requirements, none is clearly superior to all 
others. For this reason, several different projections are in use, the most common 
being the transverse Mercator, polar stereographic, and the modified Lambert con- 
formal. These all provide suitable charts, but may be contrasted as to the principal 
requirements, as follows: 

1. Conformality. It is desirable that angles be correctly represented, so that 
directions can be plotted without annoying corrections. The transverse Mercator and 
polar stereographic projections are completely conformal. The modified Lambert 
conformal projection is not strictly conformal, but the error is too small to be of concern 
to the navigator. 

2. Great-circle representation. It is desirable that great circles be represented by 
straight lines, since great circles, not rhumb lines, are of primary concern to the polar 
navigator. On all three projections a great circle is very nearly, but not exactly, a 
straight line, except in special cases. 

3. Scale variation. In polar regions, as elsewhere, it is desirable to have a constant 
scale over an entire chart. Of the three projections, the modified Lambert conformal is 
most nearly of uniform scale out to about 65° to 70° latitude, but its superiority in 
this respect is not great. 

4. Meridian representation. Straight meridians are desirable for plotting, and 
for grid navigation (art. 2609). The stereographic and modified Lambert conformal 
projections have straight meridians; those on the transverse Mercator are slightly 
curved, but not to a troublesome amount out to latitude 65° to 70°. 

5. Limits of utility. It is desirable that the projection be suitable at such dis- 
tance from the pole as to provide adequate overlap with charts of lower latitudes. All 
three provide suitable overlap, but the modified Lambert conformal does so with least 
distortion. 

Of the three projections, the modified Lambert conformal is most familiar to navi- 
gators accustomed to the Lambert conformal projection in lower latitudes. However, 
this projection and the polar stereographic are so nearly identical in appearance and 
characteristics that either can logically be considered the polar equivalent of the Lam- 
bert conformal projection extensively used in lower latitudes. The transverse Mercator 
projection is perhaps more familiar to the navigator accustomed to using Mercator 
charts in lower latitudes, and often is preferred by them. However, these navigators 
find the transition greater than the navigator who uses Lambert conformal charts, 
because the contrast is greater. 

2608. Limitations.—Suitable projections for polar charts having been developed 
and tested, the high-latitude navigator is more concerned with another aspect of his 
charts—accuracy. The graticule of latitude and longitude lines can be as precisely 
drawn in polar regions as elsewhere. Therefore, polar charts are entirely adequate as 
plotting sheets for dead reckoning and celestial navigation. For piloting, however, 
they are not always of the accustomed standard. 
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In the absence of blowing snow, fog, or sea smoke, and nearly always at flight 
altitude, the visibility is remarkably good, resulting in low estimates of distance. 
Mirages and other optical phenomena such as halos are of frequent occurrence. 

The temperature in Antarctica is characteristically low. Only in a few places, 
particularly on the western side of the Palmer Peninsula, have temperatures above 
freezing been recorded. Winter temperatures along the coast are very low, varying 
somewhat with the latitude, but depending principally upon the frequency of southerlv 
blizzards and the moderating effect of nearly open water. Very little is known of 
winter temperatures in the interior, but this is probably the coldest part of the world, 
lacking the moderating influence of water, and being at a considerable height above 
sea level. Certainly the wind-chill factor is extreme. The few temperature readings 
taken at some distance back from the shore indicate a rapid temperature gradient. 
A low of (—)88°3 C was recorded in August 1960 at latitude 78°5 S, longitude 106°9 E. 

Enough local knowledge has been gained to permit forecasts which are often quite 
accurate in some areas, despite the lack of synoptic information from many reporting 
stations. A knowledge of local conditions is useful to anyone operating in the antarctic. 

Relatively little is known of conditions at flight altitudes in the antarctic. A 
record low temperature of (—) 97° C was measured at a height of about 75,000 fect 
above Halley Bay in August 1959. 

2606. Summary.—The more prominent characteristic features associated with 
large portions of the polar regions may be summarized as follows: 

1. High latitude. 

2. Rapid convergence of meridians. 

3. Nearly horizontal diurnal motion of celestial bodies. 
4. Long periods of daylight, twilight, and semidarkness. 
5. Low mean temperatures. 

6. Short, cool summers and long, cold winters. 

7. High wind-chill factor. 

8. Low evaporation rate. 

9. Scant precipitation. 

10. Dry air (low absolute humidity). 

11. Excellent sound transmitting conditions. 

12. Periods of excellent visibility. 

13. Extensive fog and clouds. 

14. Large number and variety of mirages. 

15. Extreme refraction and false horizons. 

16. Winter freezing of rivers, lakes, and part of the sea. 

17. Areas of permanent land and sea ice. 

18. Areas of permanently frozen ground. 

19. Large areas of tundra (arctic). 

20. Large areas of poor drainage, with many lakes and ponds (arctic). 

21. Large areas of muskeg (marshy soil with grass, when thawed) (arctic). 

22. Extensive auroral activity. 

23. Large areas of low horizontal intensity of earth’s magnetic field. 

24. Intense magnetic storms. 

25. Uncertain radio wave propagation. 

26. Strong wind (antarctic). 

27. Frequent blizzards (antarctic). 

28. Large quantities of blowing snow. 
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2607. Projections.—The various projections used for polar navigation are ex- 
plained and discussed in articles 221 and 222. 

In the immediate vicinity of the pole, all polar projections are about equally suit- 
able, but as the distance from the pole increases, their distinctive features become 
apparent. It is desirable to have a single projection for all charts from the pole to 
areas covered by charts on projections suitable for intermediate latitudes, but since 
no single projection fully mects all of the requirements, nonce is clearly superior to all 
others. For this reason, several different projections are in use, the most common 
being the transverse Mercator, polar stereographic, and the modified Lambert con- 
formal. These all provide suitable charts, but may be contrasted as to the principal 
requirements, as follows: 

1. Conformality. It is desirable that angles be correctly represented, so that 
directions can be plotted without annoying corrections. The transverse Mercator and 
polar stereographic projections are completely conformal. The modified Lambert 
conformal projection is not strictly conformal, but the error is too small to be of concern 
to the navigator. 

2. Great-circle representation. It is desirable that great circles be represented by 
straight lines, since great circles, not rhumb lines, are of primary concern to the polar 
navigator. On all three projections a great circle is very nearly, but not exactly, a 
straight line, except in special cases. 

3. Scale variation. In polar regions, as elsewhere, it is desirable to have a constant 
scale over an entire chart. Of the three projections, the modified Lambert conformal is 
most nearly of uniform scale out to about 65° to 70° latitude, but its superiority in 
this respect is not great. 

4. Meridian representation. Straight meridians are desirable for plotting, and 
for grid navigation (art. 2609). The stereographic and modified Lambert conformal 
projections have straight meridians; those on the transverse Mercator are slightly 
curved, but not to a troublesome amount out to latitude 65° to 70°. 

5. Limits of utility. It 1s desirable that the projection be suitable at such dis- 
tance from the pole as to provide adequate overlap with charts of lower latitudes. All 
three provide suitable overlap, but the modified Lambert conformal does so with least 
distortion. 

Of the three projections, the modified Lambert conformal is most familiar to navi- 
gators accustomed to the Lambert conformal projection in lower latitudes. However, 
this projection and the polar stereographic are so nearly identical in appearance and 
characteristics that either can logically be considered the polar equivalent of the Lam- 
bert conformal projection extensively used in lower latitudes. The transverse Mercator 
projection is perhaps more familiar to the navigator accustomed to using Mercator 
charts in lower latitudes, and often is preferred by them. However, these navigators 
find the transition greater than the navigator who uses Lambert conformal charts, 
because the contrast is greater. 

2608. Limitations.—Suitable projections for polar charts having been developed 
and tested, the high-latitude navigator is more concerned with another aspect of his 
charts—accuracy. The graticule of latitude and longitude lines can be as precisely 
drawn in polar regions as elsewhere. Therefore, polar charts are entirely adequate as 
plotting sheets for dead reckoning and celestial navigation. For piloting, however, 
they are not always of the accustomed standard. 
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Surveys of the North American arctic are progressing steadily, so that charts of 
these areas are continually being improved. For those regions where surveys have not 
been made, or are incomplete, the charts reflect the lack of available information. 
Relatively few details are given, and much of the information shown is unreliable. In 
areas not visited by man—or where no record of a visit is available—detail is totally 
lacking. Flying through overcast in such an area is hazardous, particularly in Ant- 
arctica, for mountain peaks of great height might be encountered without warning. 
In general, the reliability ot a chart can be judged by the amount of detail it shows. 
However, a person planning operations in high latitudes would do well to consult the 
government charting agencies (particularly the U. S. Navy Hydrographic Office or the 
USAF Aeronautical Chart and Information Center) for the latest information avail- 
able, and possibly not yet shown on the charts, before proceeding to the area of 
operations. 

In general, coverage of polar areas is adequate, particularly in the arctic. The 
latest editions of the chart catalogs indicate the charts available. 

2609. Polar grid.—Because of the inconvenience of using rapidly converging 
meridians as reference for directions, polar charts are overprinted with a series of 
parallel lines called a grid. By convention, these are placed parallel to the Greenwich 
meridian. The common direction of these lines is used as a reference, grid north being 
north along the Greenwich meridian. Thus, a straight line on a polar chart makes the 
same angle with all grid lines, and therefore represents a constant grid direction, what- 
ever its change in true direction. This is illustrated in figure 2609, in which AB 
changes true direction from 015° at A to 165° at B. The grid direction of AB is every- 
where the same, 060°. 

As stated above, the lines are parallel on the chart. The nature of these lines on 
the earth depends upon the chart projection. For the transverse Mercator, they are 
great circles which meet at the equator at longitudes 0° and 180°. For the polar 
stereographic, they are circles, usually great circles or nearly so. For the modified 
Lambert conformal projection they approximate great circles. On any polar projec- 
tion any straight line can be considered a great circle without. sufficient error to be a 
consideration in practical navigation. Because of their use as a direction reference, 
grid lines are sometimes considered fictitious meridians or grid meridians. On the 
transverse Mercator projection the grid lines are the “meridians” of the projection, 
along which fictitious latitude can be measured or used as a nautical mile scale. A 
series of lines perpendicular to the fictitious meridians are shown as fictitious parallels 
on the transverse Mercator projection. 

The convergence of the meridians 1s shown as 1 on a polar stereographic or modified 
Lambert conformal chart. On the transverse Mercator projection the convergency is 
1 at the pole, and can be considered 1 over the area covered by the chart, with negligible 
error. This means that the frue direction of a straight line on the chart changes 1° for 
each 1° of longitude it crosses. This relationship is useful in interconverting true and 
grid directions. If T represents true direction, and G grid direction, the following 
relationships hold in the northern hemisphere: 


G=T+AW 
G=T-AE 
T=G-AW 
T=G+AE 


In the southern hemisphere, the plus and minus signs relating to longitude are reversed. 
These formulas hold true only when the convergency is 1, or can be considered 1. 
Sometime grid lines are shown on charts of lower latitudes, where the convergency is 
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Figure 2609.—Grid and true directions. 


less than 1. If these are shown as straight lines parallel to the Greenwich meridian, the 
usual method, the formulas given above can be used if each longitude is multiplied by 
the constant of the cone (assuming a conic projection). For the Lambert conformal 
projection, this is equal approximately to the sine of the latitude midway between the 
two standard parallels. The exact value is given by the formula 


_log cos L,—log cos Ly 
~ log tan 4% (90°—L,) —log tan % (90°—Lz) 


where K—constant of the cone and L, and L, are the latitudes of the standard parallels. 
Sometimes the constant of the cone is printed on the chart. Usually, a list of fac- 
tors (longitude X constant of the cone) is given in a table printed on the chart. 
Subpolar charts have been printed with curved grid lines so that convergence with 
respect to them is 1. On such a chart the formulas given above can be used without 
alteration. However, for general navigation this advantage is more than offset by 
the necessity of measuring direction relative to a curved line, and the fact that a straight 
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line on the chart is not a constant grid direction. Such a chart is useful for navigation 
in a limited area in which the curvature of the grid lines is not great. 

When grid lines are shown on a chart, isogrivs are usually shown, also. These 
are lines connecting points having the same grid variation or grivation. Grivation, 
the angle between magnetic meridian and grid meridian, is further discussed in article 
2612. 

Dead Reckoning 


2610. Polar dead reckoning.—Dead reckoning is important anywhere, but in 
high latitudes it has particular significance. Because of the possibility of a forced 
landing in an area of great distances between landing areas, a rigorous climate, and 
unfriendly terrain, a good position is needed at all times. Fixes may be unavailable for 
hours at a time. Often dead reckoning provides virtually the only method available 
over extended periods. Therefore, it is common practice on polar flights to carry two 
navigators, one of whom devotes nearly full time to keeping a careful log and plot of 
all available information, in addition to a radar operator. The success of a polar flight 
depends primarily upon the navigation, and the most important aspect of this is dead 
reckoning. 

As elsewhere, polar dead reckoning consists of determining position by advancing 
a known position for direction and distance presumed to be made good. As stated in 
article 2609, the problem of indicating direction in an area of rapidly converging merid- 
ians is solved by theuseof apolargrid. Plotting of grid directions is the same as plotting 
of true directions, except that measurement is made from grid north instead of true 
north. A special polar plotter has been devised to facilitate plotting on a chart not 
having grid lines. However, if grid lines are added by the user, a special plotter is not 
needed. 

The principal problem of polar dead reckoning is that of measuring or maintaining 
direction in the air. 

2611. The magneticcompass, commonly used in low and medium latitudes, is useful 
in polar regions, but is subject to additional limitations not encountered elsewhere. 
Its directional properties are dependent upon the horizontal component of the earth's 
magnetic field. As a magnetic pole is approached, magnetic dip or inclination in- 
creases. The vertical component increases, and the horizontal component. decreases. 

Any uncompensated deviating forces within the aircraft become larger in relation 
to the directive force. Therefore, deviation increases. It also becomes erratic as 
the magnetic properties of the aircraft change under the influence of atmospheric 
conditions, such as the presence of ice crystal haze or rain, or magnetic storms, which 
are of maximum severity in high latitudes. At some point the magnetism of compass 
correctors, or other magnetic forces in the vicinity of the compass, become stronger 
than the horizontal component of the earth’s magnetic field. When this occurs, the 
compass points steadily toward or away from the strongest force regardless of the 
heading of the aircraft. 

With reduced directive force, frictional errors within the compass have a propor- 
tionately greater effect. The period of the compass increases. The compass becomes 
“sluggish,” being slow to return to the correct reading when disturbed. Acceleration 
errors have a proportionally greater effect. 

In general, a remote-indicating compass such as the gyro stabilized Flux Gate gives 
better results than an ordinary magnetic compass. The areas in which substandard 
results are encountered cannot be stated with exactness, for they vary with changing 
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atmospheric and magnetic conditions, local anomalies in the magnetic field of the earth, © 
and the individual installation. As a broad generality, however, a Flux Gate compass 
can be said to be of reduced reliability when the horizontal intensity of the earth’s 
magnetic field is less than 0.09 oersted, erratic when it is less than 0.06 oersted, and 
useless when less than 0.03 oersted. These areas in the arctic are shown in figure 2611. 
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Figure 2611.—Arctic areas in which the magnetic compass is of limited value. Inside the curves 
representing 0.09, 0.06, and 0.03 oersted values of horizontal intensity the compass can be consid- 
ered of reduced reliability, erratic, and useless, respectively. 


As indicated in the illustration, much of the North American arctic is included. Some- 
what similar areas surround the south magnetic pole, located in 1960 at latitude 67°1 S 
and longitude 142°7 E, approximately, in the northeastern part of Wilkes Land. 
Hydrographic Office charts 1701, 1701N, and 1701S show the horizontal intensity of 
the earth’s magnetic field over the entire earth, the ““N” and “S” charts covering the 
north and south polar regions, respectively. 
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line on the chart is not a constant grid direction. Such a chart is useful for navigation 
in a limited area in which the curvature of the grid lines is not great. 

When grid lines are shown on a chart, isogrivs are usually shown, also. These 
are lines connecting points having the same grid variation or grivation. Grivation, 
the angle between magnetic meridian and grid meridian, is further discussed in article 
2612. 

Dead Reckoning 


2610. Polar dead reckoning.—Dead reckoning is important anywhere, but in 
high latitudes it has particular significance. Because of the possibility of a forced 
landing in an area of great distances between landing areas, a rigorous climate, and 
unfriendly terrain, a good position is needed at all times. Fixes may be unavailable for 
hours at a time. Often dead reckoning provides virtually the only method available 
over extended periods. Therefore, it is common practice on polar flights to carry two 
navigators, one of whom devotes nearly full time to keeping a careful log and plot. of 
all available information, in addition to a radar operator. The success of a polar flight 
depends primarily upon the navigation, and the most important aspect of this is dead 
reckoning. 

As elsewhere, polar dead reckoning consists of determining position by advancing 
a known position for direction and distance presumed to be made good. As stated in 
article 2609, the problem of indicating direction in an area of rapidly converging merid- 
ians is solved by theuseof apolargrid. Plotting of grid directions is the same as plotting 
of true directions, except that measurement is made from grid north instead of true 
north. A special polar plotter has been devised to facilitate plotting on a chart not 
having grid lines. However, if grid lines are added by the user, a special plotter is not 
needed. 

The principal problem of polar dead reckoning is that of measuring or maintaining 
direction in the air. 

2611. The magneticcompass, commonly used in low and medium latitudes, is useful 
in polar regions, but is subject to additional limitations not encountered elsewhere. 
Its directional properties are dependent upon the horizontal component of the earth's 
magnetic field. As a magnetic pole is approached, magnetic dip or inclination in- 
creases. The vertical component increases, and the horizontal component decreases. 

Any uncompensated deviating forces within the aircraft become larger in relation 
to the directive force. Therefore, deviation increases. It also becomes erratic as 
the magnetic properties of the aircraft change under the influence of atmospheric 
conditions, such as the presence of ice crystal haze or rain, or magnetic storms, which 
are of maximum severity in high latitudes. At some point the magnetism of compass 
correctors, or other magnetic forces in the vicinity of the compass, become stronger 
than the horizontal component of the earth’s magnetic ficld. When this occurs, the 
compass points steadily toward or away from the strongest force regardless of the 
heading of the aircraft. 

With reduced directive force, frictional errors within the compass have a propor- 
tionately greater effect. The period of the compass increases. The compass becomes 
“sluggish,’’ being slow to return to the correct reading when disturbed. Acceleration 
errors have a proportionally greater effect. 

Tn general, a remote-indicating compass such as the gyro stabilized Flux Gate gives 
better results than an ordinary magnetic compass. The areas in which substandard 
results are encountered cannot be stated with exactness, for they vary with changing 
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atmospheric and magnetic conditions, local anomalies in the magnetic field of the earth, 
and the individual installation. As a broad generality, however, a Flux Gate compass 
can be said to be of reduced reliability when the horizontal intensity of the earth’s 
magnetic field is less than 0.09 oersted, erratic when it is less than 0.06 oersted, and 
useless when less than 0.03 oersted. These areas in the arctic are shown in figure 2611. 
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Figure 2611.—Arctie areas in which the magnetic compass is of limited value. Inside the curves 
representing 0.09, 0.06, and 0.03 oersted values of horizontal intensity the compass can be consid- 
ered of reduced reliability, erratic, and useless, respectively. 


As indicated in the illustration, much of the North American arctic is included. Some- 
what similar areas surround the south magnetic pole, located in 1960 at latitude 67°91 S 
and longitude 142°7 E, approximately, in the northeastern part of Wilkes Land. 
Hydrographic Office charts 1701, 1701N, and 1701S show the horizontal intensity of 
the earth’s magnetic field over the entire earth, the “N” and ‘“S” charts covering the 
north and south polar regions, respectively. 
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Fluctuations in variation, due to changes in the earth’s magnetic field, may occur 
anywhere. In most areas of the world, they are navigationally negligible. Near the 
magnetic poles, however, daily fluctuations of several degrees are common. During 
magnetic storms such changes may occur within a matter of minutes. Erratic radio 
reception may give warning of such storms, but sometimes they occur without warning. 
Due to rapid convergence of the isogonic lines near the magnetic poles, the variation 
changes rapidly with position, unless flight is nearly along these lines. A small error 
in dead reckoning position may introduce a relatively large error in variation. Mag- 
netic surveys are not as extensive in high latitudes as elsewhere, with the result that 
isogonic lines shown on charts are not always reliable. Therefore, it is good practice 
to check variation by celestial observation from time to time, if a magnetic compass is 
being used. | 

Although the magnetic compass is subject to limitations in polar regions, it is a 
valuable instrument. For operations in these areas it should be carefully adjusted, 
preferably in the operating areca, and its reading checked frequently. If electrically 
heated flying suits are to be used, their effect upon the magnetic compass should be 
noted, as the single-wire, direct current heating system produces a magnetic field. 
The suit of a person reading the compass should be switched off while the reading is 
made. This does not apply to the repeater of a remote-indicating compass. Any 
tendency of a magnetic compass to be erratic should be noted. A log of its errors and 
behavior, with the position and a notation of any pertinent atmospheric or magnetic 
condition, can prove valuable in predicting future results. 

2612. Grivation.—A magnetic compass indicates the direction of the magnetic 
lines of force at the compass. The difference between this direction and true north is 
variation (V) which is used to interconvert true and magnetic directions. The dif- 
ference between the direction of the magnetic lines of force and grid north is called 
grid variation or grivation (GV). It is used to interconvert grid and magnetic direc- 
tions without the need for finding true directions. Grivation is in all respects similar 
to variation, and is used in exactly the same way, except that grid directions are sub- 
stituted for true directions. 

Refer to figure 2612a. At point A true north is along the geographic meridian, 
in the direction of the north pole (WP). Grid north is along the grid meridian, in the 
direction shown. Suppose that magnetic north is in the direction shown by the third 
arrow, between the other two. The angle between true north and magnetic north is 
variation, which in this case is westerly because magnetic north is west of true north. 
Similarly, grivation (GV) is easterly, the angle between grid north and magnetic north. 

In figure 2612a, variation is 26° W, and grivation is 34° E. The sum of these two 
is 60°, which is the difference between true and grid directions, or the longitude. Thus, 
it might be said that grivation is the algebraic sum of variation and convergency, if 
signs are properly given. Grivation might be cither greater or less than variation or 
convergency. Grivation is generally stated in values not exceeding 180°, and labeled 
E or W, the same as variation. Occasionally, it is given in values from 0° through 360°, 
and not labeled, all values being easterly. Thus, grivation 74° W may also be stated 
as 286°. . 
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Except for magnetic anomalies, all isogonic lines meet at both magnetic and geo- 
graphic poles, as shown in figure 2612b. This introduces no serious problem near the 
magnetic pole, because the magnetic compass cannot be used there due to the weak 
horizontal intensity. However, near the geographic pole it introduces an unnecessary 
burden on the use of the magnetic compass, where navigation by true directions is 
already difficult because of rapid convergence of the meridians. Isogrivs, however, 
converge only at the magnetic pole, having no unusual configuration near the geographic 
pole, as shown in figure 2612c. 


- 





FiGure 2612a.—Variation and grivation. 
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FiGurRE 2612b.—Isogonic lines. 


2613. Nonmagnetic compasses.—Because of the limitations of the magnetic 
compass in polar regions, nonmagnetic compasses are of greater importance than in 
lower latitudes. Only one such compass is in common use as a continual guide for 
steering. This is the directional gyro, explained in article 2502. Early models of this 
instrument were subject to large rates of drift, but since they were used for short periods 
only, as during a turn, this was no problem. However, when such an instrument was 
needed for longer periods, the high drift rate became troublesome, and a better direc- 
tional gyro was developed. 

In areas where the magnetic compass is of reduced reliability, it is common practice 
to rely primarily upon the directional gyro, checking it at intervals by some other 
method, usually an astro compass. The Canadians call this combination asco-gyro. 
By this system the aircraft is headed in the desired direction by astro compass, or some 
other method. The reading of the directional gyro is set to the direction being fol- 
lowed, usually the grid heading. It then maintains this direction approximately. It 
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FiGuRE 2612c.—Isogrivs. 


is checked from time to time by astro compass and a gyro log or gyro graph (art. 2504) 
kept of the results. It is good practice to make these checks at intervals of 15 or 20 
minutes. With a gyro log, analysis of the results is easiest if the comparisons are made 
at equal intervals. With a gyro graph this is not important. If the drift rate is 
established, and remains reasonably constant, it can be anticipated. Thus, if the total 
drift is 1° right per hour, a heading 1° deft of the desired heading can be flown for 2 
hours, during which the average heading should be approximately that desired. If the 
rate is reasonably constant, and known, a flight can safely be continued for several 
hours if heading checks are unavailable, corrections being made from time to time, 
based upon established performance. However, during such periods large changes of 
heading should be avoided if possible, as these may change the drift rate. As a rule, 
directional gyro performance during previous flights is not a reliable guide to future 
performance. 
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An astro compass is designed to provide true direction, requiring a conversion to 
grid direction before comparison with a directional gyro set to a grid heading. Some 
squadrons operating continuously in polar regions modify their astro compasses to 
provide direct reading of grid direction. This is done by inserting an additional lon- 
gitude scale (the black-on-white scale near 
the bottom of fig. 2613a) opposite the true 
course (heading) scale. To do this it is 
necessary to disassemble the astro compass 
and move the spirit-level assembly out- 
ward to make room for the new scale. 
This scale is fixed with respect to the true 
course (heading) index. Observations are 
made in the usual manner. True heading 
can be read at the true course (heading) 
index, as usual, or grid heading can be 
read on the heading scale opposite longi- 
tude on the additional scale. 

If a periscopic sextant is available, it 
can be used instead of an astro compass 
to check the directional gyro. 

Before the astro compass was developed, 
a sun compass (fig. 2613b) was used for this 
purpose. The sun compass, operating on 
the same principle as the astro compass, 
is seldom if ever used by the modern polar 
navigator because its use is limited to the 
sun. ‘The astro compass is usable with 
any celestial body. 

The sky compass (art. 2510) may be 
used to check the directional gyro dur- 
ing periods of twilight, or if the sun is 
FiGguRE 2613a.—Astro compass modified for grid obscured by clouds when near the horizon, 

navigation. at which times no celestial body may be 
visible. 

While frequent checks of the directional gyro are desirable, the development of 
highly reliable low-drift-rate directional gyros has made the matter of determining 
direction on polar flights less critical than during the early days of polar flying. Con- 
sequently, with proper precautions, the modern polar navigator can fly long missions 
without fear of disaster because of inability to maintain direction. 

2614. Drift and ground speed can be found by any method available. However, 
since precise fixes are unusual in polar regions, and any fixes are rare over the Arctic 
Ocean in summer, the method of determining wind by simultaneous no-wind and 
ground positions is not regularly available. Forecast winds are not always reliable 
because of the unavailability of reports from an adequate number of stations. Four 
methods are in general use: 

Driftmeter. Visual observations of drift and ground speed are made by observa- 
tion of some prominent feature of the ice or terrain, when the surface is visible. How- 
ever, it is not unusual for an undercast to obscure the surface for hours at a time. Also, 


— - 
™ 
= 
= | | 
. 
Lt] 
-_ 
e 





POLAR NAVIGATION 607 


aie 2 273° a 
- _— 








OO eee ee « — eS 


Copyright wdlustration, reproduced by permission of National Geographic Society 


FiGuRE 2613b.—Sun compass. 


if ground speed is to be measured, accurate determination of height above the feature 
used must be available. Usually this is provided by an absolute altimeter. When 
heading is being maintained by directional gyro, it is not good practice to fly a wind 
star, if the radical heading changes are likely to disturb the gyro drift rate. The 
driftmeter should be winterized before being exposed to extreme temperature. The 
B-3 and B-6 driftmeters supplied naval aircraft operating in polar regions are gen- 
erally winterized to operate in temperatures as low as (—) 65° F. The power and func- 
tioning of this instrument should be checked, and the lenses cleaned, before use. The 
gyro should be started and allowed to warm up for half an hour before being uncaged. 
The reticle light should be adjusted to the proper intensity before the aircraft is ex- 
posed to low temperatures, because the rheostats are difficult or impossible to turn 
when cold. 

Radar. By means of radar a prominent feature can be tracked even though an 
undercast obscures the surface to visual observation. The method of doing this is 
explained in article 1215. The results obtained by radar should check closely with 
those by driftmeter if a good target is selected and a careful reading is made. Over 
pack ice, a dark area is generally preferable to a light area, because the bright area is 
likely to change more as the aspect changes, and may even be lost as the target is passed 
and the opposite side is illuminated. 

Pressure. Average drift over a period of time, usually half an hour, can be ob- 
tained by the formula developed by Dr. John C. Bellamy, as explained in article 1508. 
This pressure or “Bellamy”’ drift is normally available only over the sea, and there 
only if both absolute and barometric altimeters are available. Giving an average 
over a period of time, rather than a nearly simultaneous value, Bellamy drift is useful 
for dead reckoning. However, its accuracy decreases with increased curvature of the 
isobars. 
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Doppler. Both ground speed and drift can be measured by means of the Doppler 
effect (change of frequency) when two or more beams of radio energy are directed down- 
ward at appropriate angles from the aircraft, and the returning echoes from the surface 
are interpreted by suitable airborne equipment. Some aircraft engaged in polar oper- 
ations have been provided with this equipment. The principles involved are explained 
in article 1215. 

When wind blows persistently over a snow-covered area, a series of small wavelike 
ridges, called sastrugi, are formed perpendicular to the direction of the wind. These 
are usually only a few inches in height, but may reach several feet. These can be 
helpful in indicating surface wind direction. The windward side of each ridge is a gentle 
slope, but the leeward side is abrupt. Sas- 
trugi should be used with caution, for they 
may remain long after the wind shifts or 
ceases to blow. 

If an E—10 or E-6B dead reckoning com- 
puter is used for solving the wind triangle, 
a reasonably simple modification will per- 
mit use of grid directions without the need 
for conversion to true. This modification 
is shown in figure 2614. The strip of 
material containing the true index, and the 
similar strip at the opposite side of the 
circle, are replaced with a single annular 
strip extending entirely around the inner 
scale. On this annular ring the drift and 
variation scales are extended through full 
180° each way. An additional label, 
“KAST LONGITUDE,”’ is placed on the 
left side, and “WEST LONGITUDE” 
Sh on the right side. (These labels are for 

i use in thearctic. For use in the antarctic, 
they are reversed.) The metal straps are 
replaced with transparent plastic straps, 
to permit reading anywhere around the 
scale. With this modification, the com- 
5 2===F7= sb puter is used in the usual manner (art. 

a Saat tase assess: : 606), except that true directions are shown 
Sle SSS on the compass rose opposite the “TRUE 
eee teees eoeal Tasssessas ase: INDEX,” and grid directions are shown 
GEER RSS on the same scale opposite the longitude. 
\ aan ess = al ese eae If variation is known, magnetic directions 
Be aaaonenar anal can be read in the usual manner, using the 
Figure 2614.—E-10 computer modified for grid Variation as the index. If gr id directions 

navigation. are used throughout the computation, no 

modification is needed, for the true index 

can be used as grid index, in which case the variation scale becomes a grivation scale. 

Unless modified, this scale may not extend sufficiently for use in polar regions. How- 

ever, polar navigation is usually a combination of both true and grid directions, the 

latter being used only for headings and bearings. True directions may be used to in- 
dicate wind. The versatility provided by the modification is therefore desirable. 
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POLAR NAVIGATION 609 
Piloting 


2615. Difficulties—On a daylight flight over a well-charted, snowfree area having 
a number of visible prominent features, polar navigation is a matter of simple piloting 
with no unique problems. However, these conditions are comparatively rare in 
polar regions. 

There are relatively few established aids to navigation, or cultural features in high 
latitudes. In many areas charts are far from adequate because of lack of surveys. 
Features of the terrain are not shown, or incorrectly shown as to location or shape. 
Some areas are characterized generally, as haviag ‘‘many lakes,’ instead of in detail. 
Even in accurately charted areas, the large number of features having similar character- 
istics is confusing. Over low, flat land having poor drainage because of underlying 
permafrost, for example, the lakes and ponds in seemingly endless number appear 
distressingly alike. However, although polar charts are generally inadequate for pin- 
pointing, they usually provide an indication of the general area of the flight, for certain 
regions do have distinctive features. For instance, no experienced polar navigator 
would be likely to confuse the rugged, fiord-indented southern coast of Ellesmere Island 
with the flat, relatively straight southern coast of Cornwallis Island a short distance to 
the northwest. But the various fiords of southern Ellesmere look very much alike, 
particularly in winter. 

Even accurately surveyed areas can be confusing when snow blankets land and 
nearby sea ice. Lakes and rivers disappear, except to a well-trained, experienced eye; 
irregularities in the land surface are obliterated; and low coast lines with varying widths 
of attached sea ice appear distorted or nonexistent. If whiteout (art. 2605) occurs, 
all surface features become undistinguishable, and even the horizon disappears. During 
these extreme conditions, piloting by visual observation is not available. During clear 
weather, mirages are frequent and varied. 

Surface features are frequently obscured by low clouds or fog, and sometimes by 
blowing snow. While blowing snow seldom extends to heights of more than a few 
hundred feet, it is generally sufficiently dense to obliterate surface features and make 
landing hazardous. It may extend over a considerable area, and last for several days. 

Where radar is used, the picture may change with the season (art. 2620). Other 
electronic aids are not available, or are subject to limitations (arts. 2618, 2619). 

2616. Conditions favorable to piloting.—Although piloting is generally more 
difficult in polar regions than elsewhere, not all characteristics of high latitudes are 
unfavorable. During the summer, when piloting is most reliable, continuous daylight 
is available. If the surface is not obscured, visibility is generally excellent. During 
fall and spring, long twilights occur. Even during the winter the general features of the 
surface are often visible, for the snow cover provides an excellent reflector of hght from 
the stars and aurora. The winter full moon is near that part of the ecliptic occupied 
by the sun during the summer, circling the sky at sufficient altitude to illuminate surface 
features. 

Surface conditions are sometimes reflected in the sky, particularly if clouds are 
present. Areas of open water appear dark (water sky), and those of snowfree land 
appear gray (land sky). Snow, whether on land or sea ice, causes a white glare called 
snow blink. The reflection from ice, called ice blink, is faintly yellowish, particularly 
when the sky is clear. The combined effect of the various reflections is called a sky map. 
This can be helpful to the navigator of a low-flying aircraft, if he learns to read it. 

2617. Ice.—A knowledge of ice types and characteristics, its probable extent, and 
ice terminology is useful to the polar navigator who attempts to use piloting. Two 
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publications of the U. S. Navy Hydrographic Office are particularly helpful in this 
respect. A Functional Glossary of Ice Terminology, H.O. Pub. No. 609, provides infor- 
mation on the classification and identification of ice. The Jce Atlas of the Northern 
Hemisphere, H.O. Pub. No. 550, provides information in graphical form on the extent 
of ice to be expected at various times of the year in the arctic. These predictions are 
based upon seasonal averages. Specific, short-term ice forecasts, for certain areas of 
the arctic, based upon reports of trained airborne ice observers, are broadcast daily by 
the Hydrographic Office. These forecasts are intended primarily for the marine 
navigator, but can be useful to the aviator. 

Polar ice is generally classified as land ice or sea ice, depending upon where it is 
formed. 

Most land ice is formed by the compacting and hardening of snow. In its inter- 
mediate stage between snow and ice it is called névé. Under the great pressure resulting 
from a deep accumulation of snow, ice becomes slightly plastic and is forced outward 
and downward along an inclined surface. If the land is relatively flat, as on parts of 
Antarctica, or if the outward flow is obstructed by mountains, as on Greenland, a 
permanent ice cap forms. Streams of ice flowing outward and downward somewhat 
like rivers are called glaciers, which may move as much as 50 feet per day, but generally 
move much more slowly, or may stop entirely, when they are called stagnant glaciers. 
In contrast, a moving one may be called an active glacier. If a glacier reaches a level 
area, it spreads out, and often melts. If it flows into the sea, pieces break off or calve 
from time to time forming icebergs. 

In a sheltered area such as a bay, particularly one with off-lying islands, sea ice 
tends to remain stationary, and may be augmented by snow and land ice. Over a 
period of years this builds up to considerable thickness. In the Ross Sea in Antarctica, 
this shelf ice is 500 to 1,000 feet thick. At the outer edge large pieces vertically break 
off, forming relatively flat-topped, vertical-sided tabular icebergs, whose dimensions 
may be measured in miles. Similar bergs in the arctic are called ice islands. A small 
iceberg, about the size of an ordinary house, is called a bergy bit, and a still smaller one 
a growler. Bergy bits and growlers may be the remaining portion of an iceberg after 
it has melted and partly disintegrated, or they may form by the consolidation of sea 
ice, but more often they are pieces broken or calved from a larger berg. 

When fresh water freezes, it forms a hard crust. A layer only 2 inches thick 1s 
sufficient to support the weight of a heavy man. In contrast, sea ice forms first as 
many tiny, individual, unconnected particles. As the number increases, the mixture 
of water and ice spicules somewhat resembles wet snow. As the particles freeze together, 
a thin layer of ice forms. This is highly plastic, bending easily and moving up and 
down with the waves. Not until it reaches a thickness of 6-8 inches does sea ice be- 
come as hard as fresh water ice, except at very low temperatures. 

Young sea ice has a somewhat milky appearance because a certain amount of salt 
is frozen with it. The salt is gradually eliminated as the ice ages. At about 2 years 
the ice is almost completely fresh, when it becomes clearer, stronger, and more brittle. 
Old sea ice, as it disintegrates, becomes honeycombed with cavities which hasten its 
destruction and decrease its strength. In this state, when it is known as rotten ice, it 
is stronger than fresh-water ice of similar age and condition. 

Sea ice rarely attains a thickness of more than 10 feet during its first year, because 
it insulates the warmer water below from the colder air above. If it remains in an area 
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where the freezing rate exceeds the melting rate, it may eventually reach a thickness 
of as much as 15 feet after several years. 

Ice attached to the shore is called an ice foot. On an abrupt, exposed coast 
bordered by deep water the ice foot may be negligible or nonexistent. Along a coast 
with many irregularities and shallow water, especiallv if there are off-lying islands or 
shoals, it may extend seaward for many miles. Its greatest observed width is about 
270 miles. 

Sea ice is exposed to such forces as currents, waves, tides, wind, and temperature 
differences. In its early stages, its plasticity permits it to yield to these forces and 
take virtually any shape required by them. As it becomes harder and more brittle, 
exposed sea ice cracks and breaks, rather than deforming. Under the influence of 
wind and current, the broken pieces may be in motion relative to each other. A single 
piece of sea ice is called an ice cake. One or more pieces moving together as a unit may 
be called a floe. A floe generally consists of a great many individual pieces. 

When one floe comes in contact with another, or the shore, individual cakes may 
be forced together into a thickly compacted mass. If the force is great enough, and the 
ice is sufficiently plastic, bending takes place. Tenting occurs if the contacting edges 
are forced upward as the cakes melt. More often, however, rafting occurs as one cake 
overrides another. A pile of ice formed by one or more of these processes is called a 
hummock, and ice with numerous surface irregularities formed in this way is called 
hummocked ice. A line of ice piled haphazardly along the contacting edges of two 
floes which have collided is called a pressure ridge, composed of pressure ice. Ridges 
extend below as well as above the surface. Since no two floes respond exactlv the same, 
or encounter identical conditions of wind and current, they are continually pulling 
apart aad colliding. When a strong wind blows in the same direction over an extended 
period, the pressure downwind becomes accumulative, if ice movement is restricted, 
reaching tremendous values. When sea ice thus encounters land, the result is a chaotic 
piling of ice with individual ridges which may extend as much as 60 or 70 feet above the 
surface in extreme cases. At sea, heights seldom exceed half these figures, and are 
usually much less. 

When disturbing forces are in opposite directions, sea ice may separate along 
long, narrow, jagged cracks, which may widen into leads (lééds) sufficiently wide to 
permit passage of a ship. In winter, a thin coat of ice quickly forms in the lead, but 
in summer the water may remain ice free until the forces shift and close the lead. 
Lateral motion usually occurs while the floes are separated, so that they no longer fit 
together, and a number of open pools remain, unless the pressure is great. 

The whole mass of polar ice is called the pack (fig. 2617). An abrupt edge of 
unnavigable pack ice is called a barrier. Relatively little of the arctic pack is more than 
10 years old because each year a large portion moves outward between Greenland and 
Norway into the North Atlantic, where it melts. It is replaced by new ice. The 
approximate center of the arctic pack, called the pole of inaccessibility, is at latitude 
84° N, longitude 160° W, north of western Alaska and about 360 miles from the north 
pole. The antarctic pack is a relatively narrow strip fringing the continent of Antarctica. 

The alternate melting and freezing of the surface of the pack produces weathered 
ice of more rounded, less jagged, features than newly formed hummocks. The various 
forces and conditions within the ice result in almost endless variations in the appearance 
and combinations of ice formations, but the polar navigator should understand general 
features and forms, and where they are usually encountered. 
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FIGURE 2617.—Pack ice. 


Electronic Navigation 


2618. Propagation in high latitudes.—In general, electromagnetic propagation in 
polar regions follows the same principles that apply elsewhere, as described in Chapter 
XI. However, certain anomalous conditions occur, and these should be understood 
for maximum effective use of electronics in high latitudes. 

The most disruptive effects are associated with ionospheric disturbances, one as- 
pect of the more familiar magnetic storms. These have been found to be related to 
sunspot activity, and this provides a basis for predicting their start. Warnings based 
upon such predictions are broadcast by station WWV, National Bureau of Standards, 
Washington, D. C., and by major U.S. Navy radio stations. 

Severe ionospheric disturbances affect radio wave propagation in all latitudes, but 
the most erratic and persistent effects occur in the auroral zones. At distances of 
several hundred miles above the earth’s surface, the magnetic field surrounding the 
earth is believed to be quite uniform, and centered around two geomagnetic poles 
antipodal to each other, one at latitude 78°5 N, longitude 69° W; and the other at 
78°5 S, 111° E. These are not the same as the magnetic poles near the surface (art. 
407). The aurora (aurora borealis in the northern hemisphere and aurora australis 
in the southern hemisphere) are believed to be caused by charged particles, perhaps 
electrons, ejected from the sun. When these particles enter the earth’s magnetic 
field, they tend to follow the earth’s lines of foree downward toward the geomagnetic 
poles. When they encounter the ionosphere, they become luminous, resulting in the 
aurora familiar to the night observer in high Jatitudes. The maximum auroral activity 
occurs in 2 belts, each about 600 miles wide centered at about 1,200 miles from a 
geomagnetic pole (fig. 2618). In these auroral zones, the aurora is a common occuIl- 


POLAR NAVIGATION 613 


NORTH AURORAL ZONE 
North Geomagnetic Pole 





FiGurRE 2618.—The auroral zone in the northern hemisphere. 


rence, being visible on nearly any dark, clear night. Frequency decreases with in- 
creased distance from the zones. During magnetic storms the auroral zones have a 
tendency to move to greater distances from the geomagnetic poles. 

When an ionospheric disturbance occurs, fading and ionospheric absorption in- 
creases. The maximum usable frequency (art. 1107) decreases, and the lowest useful 
high frequency increases. In extreme cases the entire band of useful frequencies dis- 
appears, resulting in radio blackout, which may last for as short a period as a few 
minutes or as long as several days. In the auroral zones higher frequencies used for 
communication have been known to be blacked out for as long as two weeks. The 
return to normal usually occurs first on lower frequencies, but medium frequencies, 
used for loran, may be blacked out for several days. 

During the early stages of an ionospheric disturbance, the path of propagation 
may deviate erratically from normal, resulting in erroneous direction finder bearings 
and consol readings. 

Because of the outward shift of the auroral zones during magnetic storms, radio 
propagation within the belts may improve. Transmission along the lines of force of 
the geomagnetic field is usually of greater range than across the field. Very low 
frequencies (10-30 kc) originating outside the auroral zone are not appreciably affected 
by ionospheric disturbances, and propagation between 30 and 200 ke may even im- 
prove. This is believed to be due to the fact that during a disturbance the density of 
the lowest (D) layer of the ionosphere is greatly increased, acting as a wave guide for 
lower frequencies, while absorbing higher frequencies. 
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FIGuRE 2617.—Pack ice. 


Electronic Navigation 


2618. Propagation in high latitudes.—In general, electromagnetic propagation in 
polar regions follows the same principles that apply elsewhere, as described in Chapter 
XI. However, certain anomalous conditions occur, and these should be understood 
for maximum effective use of electronics in high latitudes. 

The most disruptive effects are associated with ionospheric disturbances, one as- 
pect of the more familiar magnetic storms. These have been found to be related to 
sunspot activity, and this provides a basis for predicting their start. Warnings based 
upon such predictions are broadcast by station WWV, National Bureau of Standards, 
Washington, D. C., and by major U. S. Navy radio stations. 

Severe ionospheric disturbances affect radio wave propagation in all latitudes, but 
the most erratic and persistent effects occur in the auroral zones. At distances of 
several hundred miles above the earth’s surface, the magnetic field surrounding the 
earth is believed to be quite uniform, and centered around two geomagnetic poles 
antipodal to each other, one at latitude 78°5 N, longitude 69° W; and the other at 
78°5 S, 111° E. These are not the same as the magnetic poles near the surface (art. 
407). The aurora (aurora borealis in the northern hemisphere and aurora australis 
in the southern hemisphere) are believed to be caused by charged particles, perhaps 
electrons, ejected from the sun. When these particles enter the earth’s magnetic 
field, they tend to follow the earth’s lines of force downward toward the geomagnetic 
poles. When they encounter the ionosphere, they become luminous, resulting in the 
aurora familiar to the night observer in high latitudes. The maximum auroral activity 
occurs in 2 belts, each about 600 miles wide centered at about 1,200 miles from a 
geomagnetic pole (fig. 2618). In these auroral zones, the aurora is a common occul- 
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FiGuRE 2618.—The auroral zone in the northern hemisphere. 


rence, being visible on nearly any dark, clear night. Frequency decreases with in- 
creased distance from the zones. During magnetic storms the auroral zones have a 
tendency to move to greater distances from the geomagnetic poles. 

When an ionospheric disturbance occurs, fading and ionospheric absorption in- 
creases. The maximum usable frequency (art. 1107) decreases, and the lowest useful 
high frequency increases. In extreme cases the entire band of useful frequencies dis- 
appears, resulting in radio blackout, which may last for as short a period as a few 
minutes or as long as several days. In the auroral zones higher frequencies used for 
communication have been known to be blacked out for as long as two weeks. The 
return to normal usually occurs first on lower frequencies, but medium frequencies, 
used for loran, may be blacked out for several days. 

During the early stages of an ionospheric disturbance, the path of propagation 
may deviate erratically from normal, resulting in erroneous direction finder bearings 
and consol readings. 

Because of the outward shift of the auroral zones during magnetic storms, radio 
propagation within the belts may improve. Transmission along the lines of force of 
the geomagnetic field is usually of greater range than across the field. Very low 
frequencies (10-30 ke) originating outside the auroral zone are not appreciably affected 
by ionospheric disturbances, and propagation between 30 and 200 ke may even im- 
prove. This is believed to be due to the fact that during a disturbance the density of 
the lowest (D) layer of the ionosphere is greatly increased, acting as a wave guide for 
lower frequencies, while absorbing higher frequencies. 
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In polar regions, long-range, high-frequency propagation is sometimes very 
erratic even when conditions seem normal.ead the usual procedure for selection of 
optimum working frequencies for communicatiom®§not always valid. In polar regions 
the shielding effect of mountains seems to be greater than in lower latitudes. Much is 
yet to be learned of propagation in high latitudes, and reports of experience to date 
are not always consistent. 

2619. Radio aids to navigation are of limited use in polar regions because of propa- 
gation difficulties discussed in article 2618, and also because not many of them are 
available. 

A few radio and radar beacons, mostly of short range, have been installed. Since 
radio bearings are particularly vulnerable to bending during early stages of ionospheric 
disturbances, they should be used with caution. 

Several low frequency four-course ranges are available in subarctic Canada and 
Alaska. The performance of these may be erratic during ionospheric disturbances. 

Loran is available in the Baffin Bay area, subarctic regions of the North Atlantic, 
and in the Aleutians. When ground-wave or one-hop-E signals are received, the re- 
sults should be accurate. Signals may be blacked out during ionospheric disturbances. 

Other electronic aids, such as VOR, Decca, and Consol, are generally not avail- 
able in polar regions. H.O. Pub. No. 117, Radio Navigational Aids, gives details on 
particular installations. 

Exceptions to the general rule of unavailability of radio navigational aids are 
self-contained systems such as radar, discussed in article 2620, and the radio altimeter 
and Doppler systems, both used in determining drift (art. 2614). 

In addition to this use, an absolute altimeter is valuable in making a letdown at 
a base not having a low-visibility approach system, particularly where altimeter setting 
is not available. 

2620. Radar is used in polar regions cither for determining drift and ground speed 
(art. 2614) or for piloting. Piloting by radar is similar to visual piloting, and is subject 
to the same difficulties (art. 2615). In addition, accurate scope interpretation re- 
quires care and experience, particularly in an area where the radar picture changes 
with the season. 

Features of the terrain are identifiable by radar because of the contrast between 
the returns from them, and those from surrounding features. It is primarily a matter 
of the relative roughness of the reflecting surface. Thus, in an area free from ice and 
snow, land generally appears bright and water appears dark. Usually, there is enough 
contrast between the various features so that pinpointing is relatively easy, if the area 
is adequately surveyed. However, in polar regions it is not unusual to encounter 
radar-prominent features, such as rugged outcroppings, which are not shown on the 
chart. If these are plotted, they can be useful on subsequent flights. 

Some areas of the polar regions are entirely ice free during the summer, while 
others retain varying amounts of ice and snow throughout the year. The radar 
picture is affected not only by the presence of ice and snow, but primarily by the 
amount and the roughness of the surface. A smooth cover of ice appears dark on the 
radar scope, resembling water. Thus, a lake or stream with an unbroken covering of 
ice appears about the same as though the ice were not present, regardless of its depth. 
However, if the ice acquires a sufficiently rough surface, it may appear bright in relation 
to its surroundings. If snow accumulates over the ice and nearby land, to sufficient 
depth to obscure irregularities in the surface, the radar return from both land and ice 
may appear the same, and the features may not be identifiable on the scope. This 
gencrally occurs as the winter progresses. 
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Often, pack ice has a rough surface that produces a radar return similar to that 
from land. If pack ice is adjacent to land, it may appear as a continuation of the 
land, or either land or ice may appggg@SMRhter depending upon which has the rougher 
surface. When an extensive icegfodt-is present, the coastline may appear to be along 
the first pressure ridge some distance offshore, particularly if the land is low and 
relatively smooth. | 

Since the variety and arrangement of ice, land, and water are virtually limitless, 
definite rules for scope interpretation are not practical. If one understands the prin- 
ciples outlined above, has a general knowledge of ice (art. 2617), and practices when 
the interpretation can be checked by visual observation, he can acquire proficiency in 
identifying even relatively obscure features. As in any area, a relatively good dead 
reckoning position and an accurate chart are of great assistance in interpreting the 
radar scope, and identifying the features observed. 


Celestial Navigation 


2621. Celestial navigation in polar regions is of primary importance because (1) 
it constitutes the principal method of determining position other than by dead reckon- 
ing, and (2) it provides the only means of establishing direction over much of the polar 
regions. The magnetic compass and directional gyro are useful in polar regions, but 
these require an independent check, which is provided only by celestial bodies. Celes- 
tial navigation is of such importance in polar regions that one navigator customarily 
devotes full time to it. Certain unique features should be understood by one who 
fills this assignment. 

The effect of time on a line of position changes with latitude. Since the earth 
rotates eastward at the rate of 15° per hour, the geographical position of a celestial body, 
and its circles of equal altitude, move westward at the same rate (neglecting the small 
difference in rate of apparent motion of the various bodies). Therefore, any error in 
time introduces an error in a Jine of position which is considered part of a circle of equal 
altitude. At the equator, one minute of longitude is one mile, but as latitude increases, 
the meridians converge. At latitude 80°, 15’ of longitude is equal to 2.6 miles; at 
latitude 86°, it is equal to approximately one mile. Of course, the error in a line of 
position is also related to the azimuth of the celestial body. If the body is on the prime 
vertical, two lines separated by 10’ of longitude are also 10’ apart as measured along the 
perpendicular between them. As the azimuth changes, the perpendicular distance 
decreases, becoming zero as the body reaches the celestial meridian. Here an error 
in time does not introduce an error in a line of position, except as it affects the declination 
of the body. Regardless of the azimuth, however, the error of a fix (which is a point 
and not a line) is 15’ of longitude for each minute error in time. 

Near the poles, the motions of celestial bodies are nearly horizontal. The change 
of azimuth is about equal to the changeof GHA. As aresult, the elapsed time needed 
between observations of the same body for a running fix is less if the body is near the 
prime vertical (where the change in azimuth is relatively slow in lower latitudes) and 
greater if the body is near the celestial meridian (where the change may be quite rapid, 
particularly if the altitude is comparatively great). 

Even though accurate time is less critical in high latitudes, navigational time- 
pieces should not be neglected. They should be wound regularly and their errors 
checked by time signal before each flight. They should not be exposed to very low 
temperatures. Below perhaps (—) 40° (F or C) a precision watch becomes unreliable. 
A wristwatch receives sufficient heat from the body, but any other timepiece should 
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be protected from severe temperatures. This may be done by keeping it in an inside 
pocket where it will be warmed by body heat. Even though a watch may be operating 
properly, its rate may be changed by a large change in temperature. 

Since time zones all meet at the pole, and the sun’s daily motion is nearly parallel 
to the horizon, the hour of the day has less significance in high latitudes. In areas of 
continuous sunlight the moment chosen as the start of the day is of little importance. 
Hence, GMT is customarily used for flights, because of convenience. A flight in these 
regions can easily have greater effect upon the altitude and true azimuth of the sun than 
the motion of the sun itself. At latitude 64°, a 400-knot aircraft flying west keeps pace 
with the sun, which appears to remain stationary in the sky. At higher latitudes the 
altitude of a celestial body might be increasing at any time of day, if the aircraft is 
flying toward it, and a body might rise or not at any azimuth, depending upon the 
direction of motion of the aircraft relative to the body. 

Since the apparent motion of celestial bodies is nearly horizontal, and their azimuth 
relationship changes relatively little, it is not unusual for the same celestial bodies to 
be used for successive fixes throughout a flight in polar regions. 

Observations can be made by the same instruments and techniques as in lower 
latitudes. However, a periscopic sextant (art. 2111) is most suitable for polar regions 
because (1) it can be used for both altitude observations and heading checks, (2) for 
low altitudes often required during summer is easier to use and avoids large and uncer- 
tain astrodome refraction, and (3) it avoids the problem of astrodome fogging, when 
the outside temperature is very low. If a sextant having flashlight batteries is used 
in very cold weather, the batteries should be removed between observations and kept 
inside the flying suit or other warm place, for their electrical generating power deten- 
orates at low temperatures. Breathing on the index prism of a sextant should be 
avoided, as it is likely to cause frost or ice to form on the surface. If this does occur, 
the ice should be melted by placing the hand over the frozen surface, and the glass 
should then be cleaned by a soft cloth or lens tissue. 

2622. Celestial bodies available for observation.— During the continuous daylight 
of the polar summer, only the sun is regularly available for observation. Since it is 
changing azimuth at the rate of about 15° per hour, a series of running fixes might be 
obtained from observations made at intervals during the flight. More common, 
however, is the practice of observing the sun every hour and determining an estimated 
position based upon the information available, as explained in article 908. It 1s good 
practice to make 3 observations at short intervals, perhaps 4 minutes, and adjust the 
first and last lines of position to the time of the middle one. The line which plots 
between the other two, after adjustment, is then used as the line of position. 

The moon is above the horizon about half the time, but generally it is both visible 
and at a favorable position with respect to the sun for only a few days each month. 
Since, generally, davligbt fixes are available only at such times, flights into areas lacking 
other means of fixing position might well be planned to take advantage of this condition, 
where such latitude of choice is available. 

During the long polar twilight, no celestial bodies may be available for observation 
by an ordinary sextant, although directional guidance can be obtained by means of a 
sky compass (art. 2510). As in lower latitudes, the first celestial bodies to appear 
after sunset, and the last to remain visible before sunrise, are those brighter planets 
which are above the horizon. Occasionally, a bright planet is visible throughout the 
twilight period, so that no break In routine occurs. Good advance flight planning can 
do much to avoid long periods without observations. 
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The sun, moon, and planets are never high in polar skies. Low altitude observa- 
tions are routine, for often they are the only ones available. Particularly with the 
sun, observations are made whenever any part of the body is visible. If it is partly 
below the horizon, the upper limb is observed, and a correction of (—)16’ for semi- 
diameter is applied to the sextant altitude. 

During the polar night, stars are available. Polaris is not generally used because 
it is too near the zenith in the arctic, and not visible in the antarctic. A number of 
good stars are in favorable positions for observation. Because of large and somewhat 
unpredictable refraction in polar regions, particularly near the horizon, low altitudes 
(below about 20°) are avoided when higher bodies are visible. 

As in other latitudes, it is good practice to observe bodies at azimuth 120° apart, 
when possible, to avoid any constant altitude errors. Some navigators prefer to observe 
four bodies 90° apart, their lines of position forming a box instead of a triangle. When 
only two bodies are available, it is good practice to make two observations of each, 
adjusting all observations toa common time. If the two lines of either body are widely 
separated, a third observation can then be made and used with the one it most nearly 
approaches. When stars are available, some polar navigators prefer to observe alter- 
nately a star giving a speed line and one giving a course line. While this does not 
provide fixes, it does give checks on speed and course. If a position is needed, as when 
an emergency landing is anticipated, it can be obtained by advancing the previous line 
to the time of the last one, and advancing the running fix by dead reckoning. This 
should provide reasonably good results if the time between observations is not great, 
and the track and ground speed are known with average accuracy. 

2623. Sight reduction in polar regions is not attended by special problems. Since 
low altitude observations are common, H.O. 249 is the most suitable method for con- 
tinuous use, since it provides for altitudes down to the visible horizon at flight altitudes. 
Other methods, such as H.O. 208, H.O. 211, and H.O. 214 are suitable, but the first 
two are longer and slower solutions, and H.O. 214 does not tabulate altitudes below 
5°. Polar flights are often of long duration, and the busy navigators are usually quite 
fatigued near the end. Under these conditions mistakes become an increasing prob- 
ability. An easy method such as H.O. 249, offering less opportunity for a blunder, 
is desirable under these conditions. 

Near the geographic poles, sight reduction can be made by almanac alone, by 
using the pole as the assumed position. At the pole the celestial horizon and celestial 
equator coincide, as do the zenith and elevated pole. The vertical circles and circles 
of declination become identical. Computed altitude and declination then become the 
same, and azimuth is replaced by GHA as an indication of direction. The declination 
can be used as He, and compared with Ho found in the usual way, to obtain a. Fora 
“toward” case this is plotted along the meridian over which the body is located, and 
for an “‘away”’ case it is plotted in the opposite direction. Such a line of position, or 
its AP, can be advanced or retired in the usual manner, using grid direction. Since 
this is one way of solving a meridian altitude, it can be used in any latitude if the body 
is near the celestial meridian of the observer, but for universal use it should not be used 
if the observer is more than a few degrees from the pole, unless an adjustment is made 
to the line of position. Tables such as the Ellsworth Tables facilitate this adjustment. 

Because of the convenience and universality of the H.O. 249 method, various 
“special solutions” that have been devised for use in polar regions (including use of 
the pole as the AP) are no longer in wide favor. 
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In lower latitudes some navigators avoid observation of celestial bodies near the 
horizon and ignore the refraction correction. Since low altitudes are frequently used 
in polar regions, the high latitude navigator should form the habit of referring to the 
refraction correction table for a// observations, to avoid overlooking it when needed. 
Because low tempcratures are not unusual in polar regions, the possibility of requiring 
use of a temperature correction factor should be considered for all observations. 

In polar regions Coriolis corrections reach maximum values, and should not be 
overlooked. 

Lines of position obtained from @ and Zn found by any method are plotted as 
in any latitude. The true azimuth can be changed to grid azimuth before plotting, 
but since this requires an additional step with no apparent advantage, it is not cus- 
tomarily done. Rather, the assumed position is located by latitude and longitude, 
and true azimuth is measured from the nearest meridian. The small error introduced 
by an AP differing considerably from the actual position is no greater than in other 
latitudes, although the difference of longitude between AP and position may be larger. 

2624. Twilight—Immediate, total darkness does not occur at sunsct because of 
scattering of sunlight by the earth’s atmosphere. As the sun’s vertical distance below 
the horizon increases, less of the atmosphere is illuminated, and it becomes gradually 
darker. This period of incomplete darkness is called twilight. Several kinds are de- 
fined (art. 1907), depending upon the zenith distance of the sun at the darker limit. 

It is because of the diffusion of light by the earth’s atmosphere that stars and 
planets are generally not visible during the day. At maximum brilliance, Venus can 
sometimes be seen in broad daylight. Often the brightest planets above the horizon 
can be seen at about the time of sunset, but the first magnitude stars are generally not 
visible until the sun is several degrees below the horizon. During this period between 
sunset and the appearance of the first stars (or the disappearance of the last stars and 
sunrise) the navigator may be without any celestial bodies for determination of direc- 
tion or position. | 

At any given moment the sun is on the celestial horizon of any observer 90° away 
from its geographical position. The locus of all such points is a great circle (the sun- 
rise-sunset line) of which the sun’s GP is the pole. Another circle (a small circle), 
18° farther away from the sun’s GP, represents all points at the darker limit of astro- 
nomical twilight. Beyond this, total darkness occurs. When the sun is on the ce- 
lestial equator, the great-circle sunrise-sunsct line passes through the geographic poles, 
as indicated in figure 2624a. At the equator, the twilight belt moves rapidly toward 
the west as the earth rotates. Near the poles, the belt covers a much larger spread of 
longitude, so that while it moves at the same angular rate, a much larger interval 1s 
needed for it to pass a given point. This is reflected in the almanac by the longer 
duration of twilight tabulated for higher latitudes. Here its motion is more rotational, 
like that of a line of position. 

The reason for the longer duration in high latitudes can be shown in another way. 
Refer to figure 2624b. At the equator, the sun rises and sets vertically, crossing the 
range of twilight altitudes in a minimum of time. (See also fig. 1907a.) As latitude 
increases, the inclination of the sun’s path (its diurnal circle) with respect to the vertical 
becomes greater, as shown in figure 2624c. Since speed along the diurnal circle is nearly 
constant, the longer path indicates greater duration of twilight. 
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Figure 2624c.—In high latitudes the sun passes obliquely through the twilight zone. 
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Refer again to figure 2624a. At the equinoxes, any point within 18° of the pole 
will not experience complete darkness, because the maximum latitude reached by the 
small circle marking this limit is 72°, and this maximum will not change as the earth 
rotates (neglecting the slow change of declination of the sun). For an observer within 
18° of the pole, the apparent path of the sun with respect to the twilight belt is shown 
in figure 2624d. For an observer within 6° of the pole, the darker limit of civil twilight 
will not be experienced. Where applicable this condition is reflected in the almanac 
by the entry //// in the twilight column. 
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Figure 2624d.—In polar regions the sun may remain in the twilight zone all night. 


As the sun moves north or south from the celestial equator, the twilight belt 
moves with it. In figure 2624e the position is shown when the declination is 15° N. 
Within 15° of the north pole the sun remains above the celestial horizon during the 
entire 24 hours. The twilight belt has moved down so that latitudes north of 57° now 
experience no complete darkness during the night. The south pole is near the darker 
limit of astronomical twilight. At the maximum declination of the sun, 23°27’, the 
sunset-sunrise great circle is tangent to the polar circles at latitude 66°33’. 


—— 
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FicurE 2624e.—The twilight belt when the sun’s declination is 15° N. 
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2625. Location of twilight belt.—The principles discussed in article 2624 can be 
used to locate the twilight belt on a polar chart, at any time, as shown in figure 2625a. 

First, from the almanac, determine the GHA and declination of the sun. Locate 
the meridian on which the GP of the sun is situated (GHA=AW, or 360°—GHA=XE). 
In figure 2625a a GHA of 50° is used. 


133°E 120°E 105°E WE ia" .k 60°E 45°E 





150°E 30° 
165°E | 15°E 
180° 0 
165°W 15°W 
150°W an°W 
135°W 45°W 


120°W 15* € 90° W 75°W 60° W 


FIGURE 2625a.— Locating the twilight belt on a polar chart. 


From the pole, measure an arc of latitude, PA, equal to the declination (20°6 S in 
the illustration). If the declination and pole (P) are of contrary name, measure 
toward the sun (along the meridian containing its GP), and if of the same name, measure 
in the opposite direction, or away from the sun. The point A thus located is on the 
great circle sunrise-sunset line. 

However, because of refraction, dip, and semidiameter, the actual sunrise-sunset 
line is a little farther from the sun. From figure 2625b, determine the depression of 
the sun for flight altitude, using the left-hand curve. At 20.000 feet this value is 3°6, 
the amount used in the illustration. This can also be found in the “Dep. of Sun at 0 
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FiGuRE 2625b.—Sunrise, sunset, and civil twilight at various heights. 


ft.” column on page A52 or A53 of The Air Almanac. From point A, measure this arc 
(AB) away from the sun. Through the point B, thus located, draw a perpendicular 
to the meridian of the GP of the sun. This is a close approximation to the actual 
sunrise-sunset line at the time drawn. 

Air navigators are concerned primarily with that part of twilight during which the 
sky is too bright for observation of stars. This is approximately between sunrise-sunset 
and the darker limit of civil twilight, although first magnitude stars may be visible 
when the sky is a little brighter. From the right-hand line of figure 2625b, determine 
the depression of the sun at the darker limit of civil twilight. The values, some of 
which are found on page Al2 of The Air Almanac, are based upon incomplete data, 
and may need slight revision in practice. From point A, measure this arc (AC, 6°6) 
away from the sun. Through the point C, thus located, draw a line parallel to the 
sunrise-sunset line. This second line approximates the line along which the darker 
limit of civil twilight is occurring. Stars should be available when the aircraft 1s on 
the side of this line away from the sun; the sun should be available on the opposite 
side of the line through B; no bodies may be available between the lines. 

2626. Twilight computer.—The twilight conditions encountered during any 
flight can be determined by making the diagram explained in article 2625 for intervals 
of perhaps 1" during the flight. However, this entails a considerable amount of work, 
much of which can be avoided by drawing the two lines on a piece of transparent material 
placed over the chart as a template. If this template is fastened to the pole by means 
of a thumb tack or other pivot, the conditions at subsequent times during the flight 
can be determined by rotating the template 15° per hour in the direction of the ap- 
parent motion of the sun, clockwise in the arctic and counterclockwise in the antarctic. 
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If the predicted DR positions of the aircraft have previously been plotted at hourly 
intervals, the location with respect to the twilight belt, as well as the direction of the 
course relative to it, can be determined for each hour of flight. Such an arrangement 
constitutes a polar twilight computer, which can be useful in flight planning, partic- 
ularly in noting the effect of changing the time of takeoff or the route to avoid prolonged 
period in the twilight belt. 

Various forms of twilight computers have been devised, all based upon this prin- 
ciple. One of the simplest can be made to operate with the E-10 or E-6B computer, 
as shown in figure 2626a. Draw, or photograph, 
a map of the polar regions to a size that just fits 
inside the compass rose of the computer. Any 
polar projection is suitable, but the polar gznomonic 
is best. Attach this overlay to a card insert, or 
to the slide itself so that the pole can be placed 
directly under the grommet of the computer, with s=Ss 3 
the Greenwich meridian toward the top, as shown. ===: 

To use this twilight computer, set N at the ee por mse 
true index, and locate the twilight belt as indi- e oer 
cated in article 2625, assuming the sun is over the PRS | “oe 
0° or Greenwich meridian. The sunrise-sunset ae 
and twilight lines can be drawn without a straight- . 
edge by locating points B and C, moving the § 
slide until each is over the pole, and tracing a = 
line along the 90° E-90° W meridian. Tolocate = 
the twilight belt at any time, set 360°-GHA (in = 
the arctic, or GHA in the antarctic) at the true = 
index. The twilight belt is then shown in its | 
correct position relative to the chart, with the 
illuminated side toward N and the dark side 
toward S on the compass rose. 

To show the track relative to the twilight 
belt, plot the DR position at hourly intervals as 
in figure 2626b. Set the overlay for each hour 
of the flight, and make a pencil dot on the tem- 
plate, at a point directly over the DR position 
for the same time. Connect the successive dots, 
as shown in figure 2626c. : 

A twilight computer can be used to determine SS SS 
the time of rising or setting of the sun or other CE FHprasrs oes 
body, and the approximate altitude at any time. 

When N is placed at the true index, the rising line 
is to the right, and the setting line to the deft in 
the arctic (opposite in the antarctic). To determine the time of rising or setting of any 
body, rotate the template until the appropriate line is over the place for which informa- 
tion is desired. Read 360°-GHA (GHA in the antarctic) at the true index. Enter the 
almanac and determine the time at which this occurs. If rising or setting of some body 
other than the sun is desired, the rising-setting line for that body should be drawn. A 
separate rising-setting line should be drawn for each body. For a star or planet, reduce 
the value taken from the left-hand curve of figure 2625b by 0°3, to eliminate the allow- 
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FIGURE 2626a.—The E-10 as a twilight 
computer. 
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FiGURE 2626c.— Plot of track relative to twilight belt 
FIGURE 2626b.—A track relative to the earth. Times indicate corresponding points in figure 2626b. 


ance made for semidiameter of the sun. For the moon subtract 1°0 from the value of 
the left-hand curve to compensate for horizontal parallax. If the time of rising or 
setting in flight is desired, interpolate between the hourly entries on each side of the 
rising-setting line. Times of rising and setting, and duration of twilight can also be 
determined in the arctic by the graphs near the back of The Air Almanac, as explained 
in article 1910. Times of these phenomena determined by any method should be 
considered approximate only because a little change in atmospheric refraction or height 
of eye can have a relatively big effect on the times of the phenomena. 

To determine the approximate altitude at any time, set the template for 
360°—GHA (GHA in the antarctic) and measure the perpendicular distance from the po- 
sition of the observer to the rising-setting line for the body, using the latitude scale. Sub- 
tract the value of the left-hand curve of figure 2625b from this measured distance to 
determine the altitude above the celestial horizon (true altitude). This does not in- 
clude a correction for parallax of the moon which varies. The altitude obtained by 
this method is useable only when the DR position is on the same side of the rising- 
setting line as the body. If the DR position is on the opposite side, the body is obscured 
and the measured altitude is unuseable. 


General 


2627. Preflight planning is important to safe navigation anywhere. In polar re- 
gions, added considerations increase its value. Planning for polar flights include all 
the elements of planning for flights in lower latitudes, but with increased emphasis in 
thoroughness, and with several additional factors. 

The route should be selected with care. Sometimes slight alterations will permit 
use of prominent check points that will serve to establish position during the flight. If 
the destination is a poorly-marked one without a beacon or other aid to navigation, the 
flight might be planned to proceed first to a prominent landmark nearby. 

Because of the lack of adequate facilities for predicting the weather over relatively 
large portions of the polar regions, and the great distances to alternate airports in 
some cases, a generous fuel reserve should be provided. Since heights of the terrain 
are not always reliably shown on charts, it is good practice to fly above the overcast, 
where possible, during a flight over land. 
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Flight above the overcast is also desirable because of the dependence upon celestial 
bodies for both lines of position and directional reference. Particular attention should 
be given to the celestial bodies available, and a schedule of altitude observations and 
heading checks should be made in advance. The availability of the moon or a planet 
in a favorable position for observation is of particular importance during periods of 
twilight. The position of the track with respect to the twilight belt is of prime impor- 
tance. It is sometimes possible to avoid long periods of twilight by altering the takeoff 
time by several hours, or by changing the order of passing check points (as by reversing 
the direction of a round-robin flight). If long periods of twilight cannot be avoided, 
the flight may be planned so that prominent, accurately mapped, visual or radar check 
points may be available during the period, and it might be possible to encounter 
twilight in an area where the magnetic compass is comparatively reliable. 

Decision should be made in advance as to whether true or grid directions are to 
be used, and if both, where the changeovers are to occur. 

The equipment to take depends upon the area over which the flight is to be made, 
and the conditions to be encountered. For instance, if the flight is to continue for any 
considerable period in twilight, a sky compass is a valuable instrument to take, but in 
an all-darkness flight, it is not needed. The chart should have grid lines printed or 
drawn on it for the areas where grid directions are to be used. Variation lines should 
be checked carefully to ascertain whether they are for variation or grivation. The 
preflight check of equipment to sce that it is present and functioning properly should 
be thorough and detailed. Assume nothing that can be verified. 

The division of responsibility between various navigators, and between naviga- 
tional and other personnel, should be carefully worked out and clearly understood by 
all crew members in advance, for teamwork and cooperation are of great importance 
during polar flights, particularly on long flights when fatigue becomes a factor. 

2628. Inflight procedure.—Because of the increased hazards and uncertainties of 
polar flying, continual alertness on the part of the navigators is of even greater import- 
ance than in lower latitudes. Common sense and judgment in evaluating the present 
situation are essential to the success of polar missions. 

On long polar flights it is good practice to carry two navigators, in addition to a 
radar operator, the three functioning asa team. The division of responsibility among 
these three crew members should be tailored to fit the particular installation and the 
circumstances of the flight. It is good practice to trade positions at intervals to 
minimize fatigue, and provide a check on the work being done by each man. The 
following breakdown of duties has been found generally satisfactory: 

The lead navigator maintains the log, makes visual and pressure drift observa- 
tions, and does all the chart plotting (except that the radar operator, if his station is 
remote from that of the lead navigator, may maintain a separate plot for his own use). 
He makes Doppler drift and ground speed readings unless this is assigned to another 
crew member. It is he who collects and evaluates the navigational information from 
various sources, requests checks or additional readings when discrepancies occur, and 
anticipates future needs. For instance, he should advise the radar operator when to 
watch for a coast line or other prominent feature that might serve to establish position. 

The second navigator docs all of the celestial navigation except the plotting of the 
lines of position from celestial observations. He makes the altitude observations, 
and solves the sights for a and Zn. He makes azimuth observations, and checks the 
heading. He maintains the gyro graph or gyro log. 
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The radar operator makes drift observations and interprets the scope when over 
land. If other electronic navigation gear is available, he should operate it unless this 
duty is assigned to another crew member. 

Cruise control (chap. XIV) in polar regions is similar to that in other regions, but 
requires greater reserves of fuel, and continual critical analysis to compare the pre- 
dicted rate of consumption with that actually encountered. A continued unfavorable 
trend requires that careful consideration be given to any means available to improve 
the situation, such as changing altitude or power settings, or to altering or aborting 
the flight. ; 

Following a polar flight a postflight analysis can provide valuable information of 
assistance to future operations. 

2629. Miscellaneous.— Polar navigation can be safe and interesting if one thor- 
oughly understands its principles and the conditions to be encountered in high Jati- 
tudes, and remains constantly alert and applies good judgment during flights. Before 
proceeding into polar regions, a navigator would do well to acquaint himself not only 
with information on navigation in these areas, but also with information on polar 
Operations in general, including proper clothing, first aid, survival, and search and 
rescue operations. If a forced landing should become necessary, the chances for 
survival are greatly enhanced if the crew understands the area and how to live in it. 
Much useful information on this subject is contained in the Naval Arctic Operations 
Handbook published by the U. S. Navy, and in the Polar Guide published by the U. S. 
Air Force. 

Upon the information contained in these publications, as well as that given in 
this chapter, suitable advance preparations can be made. In addition to acquiring 


the right equipment for the job, the polar navigator should be certain that it is properly 
installed, and that instruments are suitably winterized so that they will be operable 
when needed. 

Properly prepared, the navigator can guide polar flights with confidence. 


Problems 


2609a. Convert the following true courses to grid courses: 


Lat. Long. TC 
(1) 87° N 125° E 316° 
(2) 84° 8S 72° W 007° 
(3) 81° S 101° E 141° 


(4) 88°N 53° W 204° 
Answers.—GC (1) 191°, (2) 295°, (3) 242°, (4) 257°. 
2609b. Convert the following grid bearings to true bearings: 


Lat. Long. GB 
(1) 78° N 25° E 216° 
(2)  g2°N 5° W 111° 
(3) 85° S 161° W 001° 
(4) 89°S 99° EF 309° 


Answers.—TB (1) 241°, (2) 106°, (3) 162°, (4) 210°. 
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2609c. Given.—A chart on the Lambert conformal projection, with standard 
parallels at latitude 55° and 70°. 

Required.—The constant of the cone (1) by the approximate method, (2) by the 
exact method. 

Answers.—(1) K 0.88701, (2) K 0.88962. 

2609d. Given.—K 0.887 in the southern hemisphere. 

Required.—(1) Convert GH 000° to TH at long. 119° E. 

(2) Convert TC 117° to GC at long. 117° E. 

Answers.—(1) TH 254°4, (2) GC 013°2. 

2612a. Given.—An aircraft at L 70° N, X 165° W is on magnetic heading 206°. 

Variation 20° E, grivation 175° W. 

Required.—(1) TH, (2) GH. 

Answers.—(1) TH 226°, (2) GH 031°. 

2612b. Given.—An aircraft at L 80° N, \ 75° W is on grid heading 015°. Varia- 
tion 95° W, grivation 20° W. 

Required.—(1) MH, (2) TH. 

Answers.—(1) MH 035°, (2) TH 300°. 

2623. Given.—An aircraft in high northern latitude is on GC 065°, GS 250K. 
The following observations are made: 


GMT Body Ho GHA Dec. 
1754 Vega__._____------- $f 52° 191°09’ 38°45’ N 
1800 Jupiter_._..___.--- 19°58’ 91°37’ 20°50’ N 


Required.—1800 fix, using the pole as the AP. 

Answer.—1800 Fix, L 88°50’ N, dX 46°00’ E. 

2625. Given.—Height of aircraft, 7,000 ft.; declination of sun 17°30’ S. 

Required.—(1) The highest latitude of the great circle sunrise-sunset line. 

(2) The highest latitude of the actual sunrise-sunset line. 

(3) The highest latitude of the darker limit of civil twilight. 

Answers.—(1) L 72°5 N, (2) L 75°0 N, (3) L 78°7 N. 

2626a. Given.—A flight is planned on great-circle courses from Thule, Greenland, 
to the North Pole to Point Barrow, Alaska. Flight altitude 15,000 ft., GS 215K. 
The declination of the sun is 4° N, and the GHA of the sun is 305° for the time of 
sunrise at Thule. 

Required.—Using a twilight computer and assuming the GHA of the sun to 
change 15° per hour, compare twilight conditions for a departure time 2 hours before 
sunrise and a departure time 2 hours after sunrise and determine which is more favor- 
able. State why. 

Answer.—The flight starting after sunrise is more favorable because the whole 
flight would be made in daylight. The flight starting 2 hours before sunrise would 
cross the twilight belt shortly after takeoff, and also would be in or very close to the 
twilight belt for the last 3% hours of flight. 

2626b. Given.—Dec. of sun 9°12’ N. 

Required —GHA of the sun at time of sunrise and sunset at Thule, L 76°5 N, AX 
68°5 W, using a twilight computer. 

Answers.—GHA at sunrise 288°, GHA at sunset 205°. 
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2626c. A flight is to be made at GS 215K, flight altitude 19,000 ft. from Point 
Barrow to Thule. The time of departure is GMT 0500, at which time the GHA of 
the sun is 255° and its declination is 1°30’ N. 

Required.—The GMT of sunset and sunrise at the aircraft, using a twilight 
computer. 

Answers.—GMT sunset 0520, sunrise 1000. 

2626d. Given.—Venus, dec. 4°30’ S, transits the Greenwich celestial meridian at 
GMT 0800. 

Required —The GMT of rising and setting at Point Barrow, L 71°0 N, A 156°5 
W, using a twilight computer. 

Answers.—GMT rising 1320, setting 2340. 

2626e. Given.—The moon, dec. 12°30’ N, transits the celestial meridian of Point 
Barrow, L 71° N, A 156°5 W, at GMT 0000. 

Required.—The GMT of moonrise and moonset at Point Barrow, using a twilight 
computer. 

Answers.—GMT moonrise 1500, moonset 0900. 

2626f. Given.—The DR position of an aircraft is L 80° N, \ 30° E. Flight alti- 
tude, 27,000 ft. The GHA and declination of several celestial bodies are as follows: 


Body GHA dec. 
Sun_.....------- 63° 6°90 N 
Mars____-__---- 75° =3°5 N 
Menkar________- 310° 38°99 N 


Required. —The approximate altitude of each body, using twilight computer. 
Answers.—ha sun 5°5, Mars 1°90, Menkar 13°5. 
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APPENDIX A 
GOVERNMENT PUBLICATIONS 


The aeronautical publications of the United States Government are of major 
interest to the air navigator. Even though some of the following publications carry no 
security classification, they may not be available for public sale. Catalogs describing 
these and other publications, and giving information as to availability, prices, sales 
avents, etc., can be obtained by writing to the issuing agency: 


U.S. Navat OCEANOGRAPHIC OFFICE 
Washington, D.C. 20390 


AERONAUTICAL INFORMATION 


Title Pub. No. 
Flight Information Publications—Terminal (Seaplane) (FLIP)--....-.-_--- = 
Africa—India___--.  _- Ce aT oe arene ee EPOTE Ue eneT Me ee are Seeree ate — 
Australia-Southeast Asin.___....-. 0 ©. Lee eee eee — 
Canada-Alaska___-____...._... __-_________- ee eee ee — 
WUTO DCs o en ee eee neeeies pean ouaaeeeaeeee — 
Pacihie and ar Wast:2o2.22506 si. 66Seups pee ee eee ee eaces — 
POULM A MCPICN 2 eee ae ee net ecto SEE eee eels — 
United States-Caribbean__________.__._--- eee eee = 
Notice to Aviators 22226003 oe he i ee een eed eeeueeeeeeda’ — 
Radio Navieational Aids. soo oc oe ewind Sect Soe tou teesduoudatezGed 117A, 117B 
Radio Weather Aids__________.__.__-_____._-_-_-_---_ ee eee 118 
Weather Station Index_______..______-_----_--_-__--------.. peeeeeesace 119 
NAVIGATION MANUALS AND TABLES 
Title 
American Practical Navigator (Bowditch)________.._._-_--____-----__-_--- 9 
Sight Reduction Tables for Air Navigation (Vol. I to IT])_._.._.__-_____-- 249 
Astronomical Navigation Tables (Vol. A to P)_._________-_. een hee tae 218° 
Navigation Tables for Mariners and Aviators_______.____._.-.-__-_-------- 208 - 
Dead Reckoning Altitudes and Azimuth Tables_____._.._..-_-_----------- 211 
Tables of Computed Altitude and Azimuth (Vol. I to [X)______-._______-_-- 214 - 
AziithsOl the Sule ne ace et ee eee ee iS ee deere 260 - 
Azimuths of Celestial Bodies__.._.__..._____..--_-------_._------------ 261° 
ora VAples <2 settee eae eee | See, oeDbdtoeetetcbedeens 221 
Tastol Iichts: (Outside: W.S)) osscc te sits Soe ee eed Various 
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MISCELLANEOUS PUBLICATIONS 


Title Pub. No. 
Catalog of Aeronautical Charts and Publications. ________._....-_.-_._ __- 1-V 
Star Finder and Identifier___..______..____.--_____- 2-2 eee 2102—D 
International Code of Signals (Vol. I-Visual) ___.______.___-_-.-_---_-_-_-- 103 
International Code of Signals (Vol. [I—Radio)_________.__.___-_-_-__--__- 104 
Bibliography on Ice of the Northern Hemisphere_____-___-.-----_-_-_--_- 240 
A Functional Glossary of Ice Terminology___._..___..___-_------_-__---- 609 
Ice Atlas of the Northern Hemisphere________-_-_..._-----------__----- 550 
World POrG ING@X: 32 fs oa oe eat nem halak eee ogee eter ee one adnate 150 
Manual of Coastal Delineations from Aerial Photographs__._..._._..-_--__- 592 
Eskimo Place Names and Aids to Conversation. _____..-...--..---_------ 10578 


AERONAUTICAL CHARTS 


Air Navigation Charts (V30).— Designed for long range visual and electronic navi- 
gation to be used by larger aircraft. Contain aeronautical and topographic informa- 
tion. Mercator projection between latitude 60° South and 75° North. Polar Stereo- 
graphic from 60° South to South Pole. Scale: 30 nautical miles to 1 inch approxi- 
mately. 

Long Range Air Navigation Charts (V70).—Designed for long range navigation 
and strategic planning in the Western Hemisphere. Contains aeronautical and topo- 
graphic information. Mercator projection. Inverse Mercator projection beyond 70° 
North. Scale: 70 nautical miles to 1 inch approximately. 

Pacific Airways Plotting Charts (VR).— Designed for use as plotting charts for flights 
conducted over various air routes in the Pacific area. Contains electronic aids and 
aircraft facilities. Mercator projection. Scale: varies from sheet to sheet. 

Air Routes of the World (V—1262). 

Air Facilities Chart (VS-1).— Designed for planning. Contains aircraft facilities 
in the Western Pacific and Asiatic area. 

Air Facilities Chart (VS—2).—Contains aircraft facilities and air distances in the 
Pacific and Asiatic area. 

Distance Chart (VS—3).—Airline distances in the Pacific and Asiatic area. 

Air Traffic Control Area Charts (VS—10, 11).—Designed for planning offshore 
training exercises or operations. Contains airspace warning and danger areas, oceanic 
control areas, and air routes. Covers the North Atlantic and Caribbean areas. Mer- 
cator projection. 

Special Air Navigation Charts (VS).—Designed for general navigation. Contains 
aeronautical and topographic information, special use airspace and radio aids; the 
reverse sides have loran rates printed in reverse for transfer to the front. Covers the 
North Pacific area. Mercator projection. Scale varies with each chart. 


PLOTTING CHARTS 


Aircraft Plotting Sheets (VP-30).—Navivation plotting sheets without longitude 
limits, useable within latitude band. 5 bands between the Equator and latitudes 75° 
North and 75° South, respectively. Scale: 30 nautical miles to 1 inch approxinately. 

Universal Plotting Sheet (VP—OS).—Desivned for use in all latitudes (pad of 50). 

Link Trainer Charts (Sheets 1 to 5). 


Position Plotting Sheets (10898 A to E) V30 type sheets. 
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PLOTTING CHARTS—Continued 


Arctic Regions Gnomonic Plotting Chart (6600 A and B).—Covers from 80° East 
to 100° West longitude and from 100° West to 80° East longitude. 

3000 (1 to 18 series).—0° to 89° latitude. Overall size 35 by 46 inches. Scale: 
1° longitude equals 4 inches. (0.14 inch, 80° to 89°45’). 

3000 (0° to 65° series).—Overall size 20 by 38 inches. Scale: 1° longitude equals 
4 inches. 

3000 (S series).—0° to 74° latitude. Overall size 10 by 18 inches. Designed for 
use 1n lifeboats. 

3000 (Z series).—0° to 49° latitude. Overall size 17 by 22 inches. Scale: 1° 
longitude equals 4 inches. 


LORAN CHARTS 


Loran A Navigation Charts—Pacific (L14).—Designed for air/surface use. Mer- 
cator projection. Scale: 14 nautical miles to 1 inch approximately. 

Loran A Navigation Charts—Pacific (VRL).—Designed for air/surface use. Mer- 
cator projection. Scale varies with each chart. 

Loran A Navigation Chart—Atlantic (VL70—10).—Designed for air/surface use. 
Mercator projection. Scale: 70 nautical miles to 1 inch approximately. 

Loran A Navigation Chart—North Polar (VL70-NP1).—Designed for air/surface 
use. Inverse Mercator projection. Scale: 70 nautical miles to 1 inch approximately. 

Loran A Navigation Charts (VL30).—Designed for basic long range air/surface 
plotting. Contains essential topographic information. Mercator projection. Scale: 
30 nautical miles to 1 inch. 

Cape Race to Cape Henry (6610L).—Scale: 21 nautical miles to 1 inch. 

Cape Race to Cape Sable (6611L).—Scale: 11 nautical miles to 1 inch. 

Coast Ice Patrol Area about the Grand Banks (11, 182CL). 

Loran A Coverage Diagram (15308). 

Loran C Coverage Diagram (15308-—1). 

Loran C Navigation Charts—Atlantic and Pacific (VLC30).—Designed for long 
range air/surface plotting. Contains essential topographic information. Mercator 
projection. Scale: 30 nautical miles to 1 inch approximately. 


MISCELLANEOUS CHARTS 


Track Chart of the World (1262).—Size overall, 30 by 50 inches. 

Outline Chart of the World (1262A).—Size overall, 30 by 50 inches. 

Outline Chart of the World (1262B-base).—Size overall, 19 by 31 inches. 

Outline Chart of the World (1263-base).—Size overall, 26 by 35 inches. 

Outline Chart of the World (5188 a, b).—In two sheets, size overall, 50 by 66 inches. 

Standard Time Chart of the World (5192).—Shows the numbered zones for keeping 
standard time at sea, and the standard times of various countries. 1960. 

Chart of the World showing Great Circle Distances and Azimuths from San 
Francisco, California, to all points on the Earth’s Surface (5199a). 

Chart of the World showing Great Circle Distances and Azimuths from Washington, 
D.C., to all points on the Earth’s Surface (6705). 
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MISCELLANEOUS CHARTS—Continued 


Chart of the World (15254).—Mercator projection, 1° grid, 12 sheets. Size 
overall, 99 by 146 inches. 

The Magnetic Inclination or Dip for the Year 1955 (1700). 

The Magnetic Inclination or Dip for the Year 1955 (1700 N, S).— North and South 
Polar Areas. 

The Horizontal Intensity of Earth’s Magnetic Force for the Year 1955 (1701). 

The Horizontal Intensity of Earth’s Magnetic Force for the Year 1955 (1701 N, 
S).—North and South Polar Areas. 

The Vertical Intensity of the Earth’s Magnetic Force for the Year 1955 (1702). 

The Vertical Intensity of the Earth’s Magnetic Force for the Year 1955 (1702 N, 
S).—North and South Polar Areas. 

Total Intensity of the Earth’s Magnetic Force for the Year 1955 (1703). 

Total Intensity of the Earth’s Magnetic Force for the Year 1955 (1703 N, S). — 
North and South Polar Areas. 

The Variation of the Compass for the Year 1960 (1706). 

The Variation of the Compass for the Year 1960 (1706 N, S).—North and South 
Polar Areas. 

The Magnetic Grid Variation for the Year 1960 (1706 NG, SG).—North and 
South Polar Areas. 

Maneuvering Board (2665-10).—Small, 10-inch diameter. In pads of 50 sheets 
per pad. 

Maneuvering Board (2665—-20).—Large, 20-inch diameter. In pads of 50 sheets 
per pad. 

Radar Plotting Sheet (4665-10 B, G).—Small, 10-inch diameter, black or green. 
In pads of 50 sheets per pad. 

Radar Plotting Sheet (4665-15 B, G).—Large, 15-inch diameter, black or green. 
In pads of 50 sheets per pad. 

Nautical Chart Symbols and Abbreviations Used by the United States of America 
(1). 

World Star Chart (2100).—Right Ascension or Sidereal time. Size overall, 27 by 
38 inches. 

World Star Chart (2100A).—Sidereal Hour Angle in Degrees. Size overall, 27 by 
38 inches. 





U.S. Coast AND GEODETIC SURVEY 
Washington, D.C. 20230 


AERONAUTICAL CHARTS 


Aeronautical Planning Charts (AP).—Designed for planning routes between distant 
points in the U.S. Contain navigational aids and air facilities. Lambert Conformal 
projection. Scale: 69 nautical miles to 1 inch approximately. 

Aircraft Position Charts.—Designed for long-range flights over water or desert 
areas. Printed on thin paper and contain electronic aids, topographic information 
and air facilities. Scales and projections vary with the charts. 

Route Charts (RC).—Designed for long-range navigation at high altitudes between 
selected terminals in the U.S., and over selected routes to Alaska. Contain topographic 
information, acronautical data, air facilities and electronic aids. Lambert Conformal 
and Oblique Mereator projections. Scale: 28 nautical miles to 1 inch approximately. 
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AERONAUTICAL CHARTS—Continued 


Jet Navigational Charts (JN, JNU).—Designed for long-range, high altitude navi- 
gation over the U.S., Alaska and Canada. Lambert Conformal projection. Scale: 
28 nautical miles to 1 inch approximately. 

World Aeronautical Charts (WAC, U.S. and Alaska).—A standard scries of aero- 
nautical charts covering the U.S. and Alaska at a size and scale for overland navigation. 
Contain aeronautical and topographic information, electronic aids and air facilities. 
Lambert Conformal projection. Scale: 14 nautical miles to 1 inch approximately. 

Sectional Aeronautical Charts (SUS, U.S.).—Suitable for all forms of air navi- 
gation, but intended primarily for pilotage. Contain aeronautical information, elec- 
tronic aids and air facilities. Lambert Conformal projection. Scale: 7 nautical miles 
to 1 inch approximately. 

Local Charts (LO, U.S.).—Designed for visual navigation in the vicinity of promi- 
nent terminals in highly congested metropolitan areas. Contain topographic and 
aeronautical information, electronic aids and aerodrome facilities. Lambert Conformal 
projection. Scale: 31% nautical miles to 1 inch approximately. 

Enroute Low and Intermediate Altitude Charts (U.S.).—Designed to provide aero- 
nautical information for enroute instrument navigation. Contain air facilities, elec- 
tronic aids, and terminal areas. Scale varies from 10 to 20 nautical miles to 1 inch 
approximately. 

Instrument Approach Procedure Charts (U.S.).—Designed to provide instrument 
approach and landing procedure data to an airport. To be used in conjunction with 
Enroute Altitude Charts. Scale varices to provide clear portrayal of the runway pattern. 


U.S. Arr Force AERONAUTICAL CHART AND INFORMATION CENTER 
St. Louis, Missouri 63118 


AERONAUTICAL INFORMATION 
Flight Information Publications Planning (FLIP, USAF and USN) .—Designed for 


use In flight operations offices. Contain special notices, air facilities, procedural details, 
International Rules and Procedures, USN, USAF and Army flying regulations. 

Flight Information Publications—Enroute (FLIP).—Designed to provide charted 
enroute information for radio navigation for low, intermediate, and high altitudes. 
Cover the following areas: 

United States; Alaska; Africa and Southwest Asia; Canada and North At- 
lantic; Caribbean and South America; Europe and North Africa; Pacific and 
Southeast Asia; Australia and New Zealand. 

Flight Information Publications—Termina]—High and Low Altitude (FLIP).— 
Designed to provide high and low altitude instrument approach procedures and acro- 
drome sketches for terminal facilities. Cover the following areas: 

United States; Australia; New Zealand and Antarctica; Caribbean and South 
America; Europe and North Africa; Alaska; Pacific and Southeast Asia; Can- 
ada and North Atlantic; Africa and Southwest Asia. 

Aeronautical Chart and Information Center Bulletin. 
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AERONAUTICAL CHARTS 


World Aeronautical Charts (WAC-outside U.S. and Alaska).—<A standard series of 
aeronautical charts covering the world (outside U.S. and Alaska) at a size and scale 
convenient for overland navigation. Lambert Conformal projection up to 80° latitude, 
Polar Stereographic projection beyond 80°. Scale: 14 nautical miles to 1 inch. 

USAF Pilotage Charts (PC, outside U.S.).—Coverage of selected areas of the world 
at a convenient size and scale appropriate for flights of short duration. Contain 
hydrographic and cultural features, navigation and air facilities. Lambert Conformal 
projection up to 80° latitude, Polar Stereographic beyond 80°. Scale: 7 nautical 
miles to 1 inch approximately. 

USAF Aeronautical Approach Charts (AC).—Coverage of selected areas of the 
world at a convenient size and scale appropriate for approaching an objective. Intended 
primarily for pilotage. Most detailed aeronautical chart. Lambert Conformal pro- 
jection up to 80° latitude, Polar Stereographic beyond 80°. Scale: 3% nautical miles 
to 1 inch approximately. 

USAF Aeronautical Charts (AGC).—Designed for pre-flight planning and in-flight 
navigation for short-range flights. Intended for DR and visual pilotage. Latitude 
84° North to 80° South, Transverse Mercator projection. Latitudes beyond 84° 
North and 80° South, Polar Stereographic. Scale: 3 nautical miles to 1 inch approxi- 
mately. 

USAF Operational Navigation Charts (ONC, outside U.S.).— Designed for visual 
or limited instrument navigation on long flights. Contain navigational aids and air 
facilities. Latitude 0° to 80° Lambert Conformal projection, latitude beyond 80° 
Polar Stereographic. Scale: 14 nautical miles to 1 inch approximately. 

Global Navigation and Planning Charts (GNC).— Designed for pre-flight planning 
of long-range missions. Contain navigational aids and air facilities. Lambert Con- 
formal projection to latitude 65°; beyond 65°, Transverse Mercator. Scale: 69 nautical 
miles to 1 inch approximately. 

USAF Jet Navigation Charts (JN, Northern Hemisphere).— Designed to provide 
strip charts for pre-flight planning and enroute navigation by long-range Jet aircraft. 
Charts contain all necessary navigational information. Latitude 0° to 60°, Lambert 
Conformal projection; latitude beyond 60°, Transverse Mercator. Scale: 27% nautical 
miles to 1 inch approximately. 

USAF Continental Entry Charts (CEC).—Used for Consolan and Loran-A naviga- 
tion for entry into the U.S. where a high degree of accuracy is required. Lambert 
Conformal projection. Scale: 271 nautical miles to 1 inch approximately. 

USAF Loran-A Navigation Charts (CJC and LJC).—Designed for pre-flight 
planning and enroute long-range flights in the Polar area and adjacent regions. Charts 
contain Loran and Consol navigation aids and air facilities. Polar areas, Transverse 
Mercator; adjacent areas, Lambert Conformal projection. Scale: 27% nautical miles 
to 1 inch approximately. 

USAF Global Loran-A Navigation Charts (GLC, Northern Hemisphere).—De- 
siened for long-range navigation utilizing Loran, Consol or Consolan navigational aids. 
Lambert Conformal projection up to 65° North latitude; Transverse Mercator beyond 
65° North latitude. Scale: 69 nautical miles to 1 inch approximately. 

USAF Global Plotting Charts (GPC).—-Designed for utilization of celestial aids to 
navigation in selected bands of latitude. Polar regions, Transverse Mercator; lower 
latitudes, Lambert Conformal projection. Scale: 69 nautical miles to 1 inch approxi- 
mately. 
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USAF Gnomonic Tracking Charts (GT).—Used for accurate tracking of aircraft, 
monitoring all types of radio emissions, and determining great-circle courses in pre- 
flight planning. Gnomonic projection. Scale: 54% nautical miles to 1 inch approxi- 
mately. 

USAF Strategic Outline Charts (SO).— Provide for plotting and indexing strategic 
information throughout the Northern Hemisphere and for general planning purposes. 
Polar Stereographic projection. Scale: 329 nautical miles to 1 inch approximately. 


FEDERAL AVIATION AGENCY 
Washington, D.C. 20553 


AERONAUTICAL INFORMATION 


Airman’s Guide.—A biweekly publication of the Federal Aviation Agency con- 
taining information regarding airports, radio facilities, and Notices to Airmen for the 
US. 

Airman’s Guide—Pacific Supplement.—A biweekly publication containing radio 
facilities, information on permanent changes and temporary hazardous conditions for 
the Hawaiian and adjacent Pacific Islands area. 

Flight Information Manual.—Supplements the Airman’s Guide. Contains a 
complete list of airports with geographic coordinates, radio facilities, lighting aids, 
search and rescue procedures, Air Traffic Control procedures, weather information 
services, Flight Test areas, and a list of commercial broadcast stations. 

Flight Information Manual—Pacific Supplement.—Contains a hist of radio aids, 
communication facilities, list of airports for the Hawaiian and adjacent Pacific Islands, 
and main air routes of the Pacific. 

International Flight Information Manual.—Published annually and contains a 
tabulation of all foreign international aerodromes and aerodromes of entry, prohibited 
areas, flight corridors, restrictions and regulations, and U.S. Aeronautical Tele-com- 
munication Services for use in International flights. 

International NOTAMS.—Supplement to the International Flight Information 
Manual. Published weekly and contain changes in facility operational data, foreign 
entry procedures and regulations, and temporary hazardous conditions. 


OPERATIONS 


Air Traffic Control Procedures (ATP 7110.1A). 
Criteria for Standard Instrument Approach Procedures (JAFM 55-9). 
Location Identifiers (ATP 7350.1). 
Communication Procedures (ATP 7300.1). 
Weather Schedules—Service “A” (ATP 7330.2). 
Weather Schedules—Service “C”’ (ATP 7330.3). 
Flight Assistance Service (ATP 7233.1). 
International Weather Schedules—Service “O”’ (ATP 7330.4). 
Contractions (ATP 7340.1). 
Civil Aeronautics Manual 
Part 43.—General Operation Rules. 
Part 60.—Air Traffic Rules. 
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OPERATIONS—Continued 







ODS : 
‘er Tficates. 


Federal Aviation R 
Part 61.—Bilt 

Civil Air Regul€tions — 
Part 40.—Sclieduled Interstate Air Carriers Certification and Operation Rules. 


U.S. NavaL OBSERVATORY 


Washington, D.C. 20390 
The Air Almanac 
The Nautical Almanac 
The American Ephemeris and Nautical Almanac 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D.C. 20546 


Established by Act of Congress in 1958. Publishes numerous documents, reports, 
and memoranda relating to the theoretical and practical aspects of flight within and 
outside the earth’s atmosphere by aeronautical and space vehicles and also includes the 
design of aircraft, their instruments, and power plants. 


INTERNATIONAL Civit AVIATION ORGANIZATION 
1080 University Street, Montreal 3, Canada 
This Organization is a specialized agency of the United Nations which publishes 


standards and recommended practices designed to insure the safe and orderly growth 
of international civil aviation. 


A 


ADF 
ADIZ 


AFC 
AGC 
aL 


ANL 


API 
app. 
art. 
ARTC 
ATA 
AU 

ar 


BFO 


corr. 
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ABBREVIATIONS AND SYMBOLS 


away (altitude difference) 
altitude difference 
speed of sound in air 
absolute altitude 

Air Almanac 
automatic direction finder 
air defense identification zone 
audio frequency 
automatic frequency control 


automatic gain control 


assumed latitude 


amplitude modulation 


ante meridian (before noon) 


automatic noise limiter 


assumed position 


air position indicator 
appendix 


article 


Air Route Traffic Control 


actual time of arrival 


astronomical unit 
assumed longitude 


bearing 


beat frequency oscillator 
capacitance 


Celsius 


(centigrade) 


ture scale 

chronometer time 
speed of propagation 
calibrated altitude 
Civil Aeronautics Authority 
calibrated air speed 
compass bearing 
chronometer error 
compass heading 


chapter 


centimeter 
correction 


cosine 


cotangent 


tempera- 


cps 
CRT 
csc 
CW 
D 


dec. 
DA 


DCA 
DD 
dist. 
DLo 
DME 
DR 


DRM 
EHF 
Eq. T 


ETA 
ETI 


fy 


FM 
ft. 
FTC 


cycles per second 

cathode ray tube 

cosecant 

continuous wave 

dee 

deviation 

dip 

distance 

drift 

declination 

declination 

density altitude 

drift angle 

drift correction angle 

double drift 

distance 

difference of longitude 

distance measuring equipment 

dead reckoning 

dead reckoning position 

direction of relative movement 

East 

extremely high frequency 

estimated position 

equation of time 

estimated time of arrival 

estimated time of interception 

Fahrenheit temperature scale 

fast 

correction to air speed for com- 
pressibility of air 

frequency 

correction to air speed for com- 
pressibility of air under sea- 
level conditions in the stand- 
ard atmosphere 

figure 

frequency modulation 

foot 

fast time constant 

639 


640 


GAT 
GCA 


GHA 
GMT 
GP 
GS 
GST 
GV 


HA 
ha 
hav 
He 
HF 


H.O. 
Ho 
HP 
Hp 
hs 
ht 


IA 
IAS 


ICAO 


IF 
IFF 
IFR 
ILS 
in. 
Int. 
IP 


ees 
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Greenwich 

grid 

upper branch of Greenwich 
meridian 

acceleration due to gravity 

lower branch of Greenwich 
meridian 

Greenwich apparent time 

ground controlled approach 

grid heading 

Greenwich hour angle 

Greenwich mean time 

geographical position 

ground speed 

Greenwich sidereal time 

grivation, grid variation 

height 

altitude 

height 

hour angle 

approximate altitude 

haversine 

computed altitude 

high frequency 

mercury 

Hydrographic Office 

observed altitude 

horizontal parallax 

precomputed altitude 

sextant altitude 

tabulated altitude 

angle of incidence 

indicated altitude 

indicated air speed 

index correction 

International Civil Aviation Or- 
ganizauion 

intermediate frequency 

Identification Friend or Foe 

Instrument Flight Rules 

Instrument Landing System 

inch 

interval 

initial point 

Kelvin temperature scale 

knot 

kilocycles per second 

kilometer 

inductance 

latitude 


LAN 
LAT 
lat. 
LD 


LHA 
Lm 
LMT 
log 
long. 
LOP 
LST 


MB 
mb 
MC 
me 
MDF 
MF 
MH 
mi. 
min. 


nm 
mph 
MPP 
MRM 
ms 
MTI 
MUF 
N 
NA 
Na 


NACA 


NE 
No. 
NW 


O 
OD 
P 


difference of latitude 

logarithm 

local apparent noon 

local apparent time 

latitude 

lateral drift 

low frequency 

local hour angle 

mid latitude 

local mean time 

logarithm 

longitude 

line of position 

local sidereal time 

celestial body 

Mach number 

meridional parts 

nautical mile 

upper branch of local meridian 

lower branch of local meridian 

meridional difference 

meter 

statute mile 

magnetic bearing 

millibar 

miles on course 

megacycles per second 

manual direction finder 

medium frequency 

magnetic heading 

mile, miles 

minute 

minutes on leg 

millimeter 

statute miles per hour 

most probable position 

miles of relative movement 

microseconds 

moving target indicator 

maximum usable frequency 

North 

nautical almanac 

nadir 

National Advisory Committee 
for Acronautics 

Northeast 

number 

no-wind position 

Northwest 

center 

observed drift 

parallax 





Po 


PA 
PAV 
PDA 
PGS 
PM 


PPI 
PRP 
PRR 


Pub. 
PV 


Ce 
QQ’ 


RA 


RBn 
RDF 
RF 

RHI 
RTB 


SD 
SDC 
SE 
sec 
sec. 
SHA 
SHF 
sin 


SLA 
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departure 

polar distance 

static pressure of a free air 
stream 

static pressure of a free air 
stream under sea-level con- 
ditions in the standard atmos- 
phere. 

total pressure of a free air 
stream (p+4q,). 

pressure altitude 

pressure altitude variation 

predicted drift angle 

predicted ground speed 

post meridian (after noon) 

pulse modulation 

north pole 

plan position indicator 

pulse repetition period 

pulse repetition rate 

south pole 

publication 

prime vertical 

dynamic pressure in incompress- 
ible fluid flow (pV?/2) 

impact pressure (p,—p) 

celestial equator 

gas constant 

Rankine temperature scale 

refraction 

angle of refraction 

radius 

right ascension 

relative bearing 

radiobeacon 

radio direction finder 

radio frequency 

range height indicator 

radial time base 

slow 

South 

speed 

semidiameter 

single drift correction 

Southeast 

secant 

second 

sidereal hour angle 

super high frequency 

sine 

single line approach 


SRM 
SSB 
STC 
SW 
T 


TA 
tab. 
tan 


TAS 
TC 
TD 
TH 
TTT 
UHF 
US. 


UTM 


WAC 


speed of relative movement 

single side band 

sensitivity time control 

Southwest 

absolute temperature (K or R) 

loran reading 

time 

toward (altitude difference) 

true 

true air temperature (absolute) 

ground wave reading (loran) 

indicated temperature (absolute) 

standard mean temperature 
(absolute) 

mean temperature (absolute) 

sky wave reading (loran) 

absolute temperature 
sea-level conditions 
standard atinosphere 

meridian angle 

temperature (C or F) 

indicated temperature 

true altitude 

tuble 

tangent 

true air speed 

true bearing 

true course 

time of departure 

true heading 

track 

time to turn 

ultra high frequency 

United States 

universal time 

universal transverse Mercator 

true air speed (TAS) 

variation 

calibrated air speed (CAS) 

density air speed 

equivalent air speed 

indicated air speed (LAS) 

visual-aural range 

Visual Fhieht Rules 

very high frequency 

very low frequency 

omnidirectional range 
range) 

watch time 

West 

World Aeronautical Chart 


under 
in the 


(omni- 
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WD 
WE 
WS 

WT 
WV 


yd. 


< D 


am 


REOe 


3 


a~) 


1SonQAdBHeAO 


so0ubhoe 
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wind direction 

watch error 

wind speed 

war time 

wind velocity 

parallactic or position angle 
yard 


base line delay (loran) 

ratio of specific heat at constant 
pressure to specific heat at 
constant volume 

change in one quantity due to 
unit change in another related 
quantity 

coding delay (loran) 

longitude 

wave length 

mid longitude 

longitude of departure 

longitude of destination 

micro (1 millionth) 

index of refraction 

ratio of circumference of circle 
to its diameter 

mass density of ambient. air 

mass density of dry ambient air 
under sea-level conditions in 
the standard atmosphere 


Z 


Z 


ZD 
Zn 
ZT 


SYMBOLS 


oy 


"BF eT > CAIAA OOAZOOP 


azimuth angle 
Coriolis correction 
zenith 

zenith distance 
zone description 
azimuth 

zone time 


ratio of mass density of ambient 
air to mass density of. drv 
ambient air under sea-level 
conditions in the = standard 
atmosphere 

fix 

estimated position 

dead reckoning position 

vernal equinox (Aries) 

sun’s upper limb 

sun’s lower limb 

sun’s center 

moon’s upper limb 

moon’s lower timb 

moon’s center 

degree 

minute of are 

second of are 

dav 

hour 

minute of time 

second of time 


Signs of Celestial Bodies and Positions 


Sun 

Moon 

Mercury 

Venus 

Earth 

Mars 

Ascending node 
Descending node 
Quadrature 


Signs of the Zodiac 


Aries 
Taurus 
Gemini 
Cancer 
Leo 
Virgo 


Gey Me T 
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Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 

Star 
opposition 


conjunction 


Libra 
Scorpius 
Sagittarius 
Capricornus 
Aquarius 
Pisces 
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Greek Alphabet 
A a a Alpha N vy Nu 
B B 6 Beta = & Xi 
r y Gamma O o Omicron 
A 5 Delta ro Pi 
E e Epsilon P p Rho 
Z ¢ Zeta Zo s Sigma 
H n Eta T r Tau 
6 6 8 Theta T v Upsilon 
I « lota &’ ¢ gy Phi 
K x Kappa xX x Chi 
A » Lambda VY y Psi 
M ph Mu Q w Omega 
Mathematical Signs and Formulas 
— equals Relations of a plane right triangle 
x is not equal to an A= 
oad equals approximately 
cos ee "i 
> is greater than  @ 
< is less than jen a= 
+ plus, positive, add b ° a 
_— minus, negative, cot A=-> Pa 
b 
subtract sie. Wes ———— 
+ or / divided by 
Cc 
~ numerical difference csc A= = 
xX ors multiplied by Logarthimic forms 
% percent log ab=log a+log b 
a 
repeating decimal log j,=log a—log b 
©O infinity log a°"=n log a 
a 1 
x square of x log a‘"=log an 
xe n” power of x log an —log a 
vx, x". or x? square root of x : 
we 1 ey. log a 
“x or x'/0 n™ root of x a sas a n 
Relations of any spherical triangle 
Sine law Haversine formula 


sin A sinB_sinC 
sina sinb” sine 
Cosine law 


cos a=cos b cos c+sin b sin c cos A 
691-651 °—63 42 





hav a=hav A sin b sin c+hav (b—c) 
hav z=hav t cos d cos Lt+hav (L~d) 


Azimuth formula 
sin Z=sin t cos d sec h 
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APPENDIX C 
CONVERSION FACTORS 


Exact relationships shown by asterisk (*). See footnote on page 651. 


Area 

1 square inch_______________- =6.4516 square centimeters* 

1 square foot____._____-_-_-- = 144 square inches* 
=0.09290304 square meter* 
=0.00002296 acre 

1 square yard__________-____- =9 square feet* 
= 0.83612736 square meter 

1 square (statute) mile______-_ = 27,878,400 square feet* 
= 640 acres* 
= 2.589988110336 square kilometers* 

1 square centimeter_________-_- =0.15500031 square inch 
= 0.00107639 square foot 

1 square meter_________-_-_-- = 10.76391045 square feet 
=1.19599005 square yards 

1 square kilometer___.____-_-- = 247.1053815 acres 
= 0.38610216 square statute mile 
= 0.29155335 square nautical mile 

Astronomy 

1 mean solar unit__-__-________. = 1.00273791 sidereal units 

1 sidereal unit________._-___- = 0.99726957 mean solar unit 

1 microsecond_.._._-_____---- =(0.000001 second* 

1 second_______..----.------ = 1,000,000 microseconds* 


= 0.01666667 minute 
=0.00027778 hour 
=0.00001157 day 
5 010) 01 | (eng ae ee = 60 seconds* 
= 0.01666667 hour 
=:(0.00069444 day 
UANOUP 2) ere fs a ei ee tee = 3,600 seconds* 
= 60 minutes* 
= 0.04166667 day 
1 mean solar day_________- _.. =24°03756°55536 of mean siderecal time 
=1 rotation of earth with respect to sun (mean) * 
= 1.00273791 rotations of earth with respect to 
vernal equinox (mean) 
= 1.0027378118868 rotations of earth with respect 
to stars (mean) 


1 mean sidcreal day____-_._-- = 2356704509054 of mean solar time 
1 sidereal month. ___._ _- _.... =27.321661 days 

= 27907"43™11%5 
1 synodical month... -_.___-- = 29.530588 days 

== 299] 2544™02°8 
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Astronomy—Continued 
1 tropical (ordinary) year - _-__~- = 31,556,925.975 seconds 
= 525,948.766 minutes 
= 8,765.8128 hours 
= 365°24219879 — 00000000614 (¢ —1900), where t 
=the year (date) 
= 365°05"548™468 
1 sidereal year__________--__-- = 36525636042 -+0.0000000011(¢ —1900), where ¢ 
=the year (date) 
= 365906"°09™0985 
Length 
Lin Clie e oc ceeckecetecet = 25.4 millimeters* 
= 2.54 centimeters* 
110000 Bec otsescacoesei = 12 inches* 
=1 British foot 
=, yard* 
=0.3048 meter* 
= \{ fathom* 
1 foot (U.S. Survey) _..__-_-- =0.30480061 meter 
L Ward be crea celeGerm sauce’ = 36 inches* 
=3 feet* 
=0.9144 meter* 
L fathom gna tees ese =6 feet* 
=2 yards* 
= 1.8288 meters* 
Leabl@sce cee eececseoeueese =720 feet* 
= 240 yards* 
= 219.4560 meters* 
1 cable (British)_.._-..._.--_-- =0.1 nautical mile 
1 statute mile._____.._______- = 5,280 feet * 
= 1,760 yards* 
= 1,609.344 meters* 
= 1.609344 kilometers* 
= 0.86897624 nautical mile 
1 nautical mile___.___.______- = 6,076.11548556 feet 
= 2,025.37182852 yards 
= 1,852 meters* 
= 1.852 kilometers* 
= 1.150779448 statute miles 
L MC@er we edee sees oases = 100 centimeters* 
= 39.370079 inches 
= 3.28083990 feet 
= 1,.09361330 yards 
=0.54680665 fathom 
= 0.00062137 statute mile 
= 0.00053996 nautical mile 
1 kilometer___.__------------ = 3,280.83990 feet 
= 1,093.61330 yards 
= 1,000 meters* 
= 0.62137119 statute mile 
= 0.53995680 nautical mile 
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Mass 
1 OUNCE 2.322 ocse cece denteweds = 437.5 grains* 
= 28 .349523125 grams* 
= 0.0625 pound* 
= 0.028349523125 kilogram * 
Pb POUNGsccsecctecsuss cet sacic =7,000 grains* 
= 16 ounces* 
= 0.45359237 kilogram * 
1 short ton_._._-------______- = 2,000 pounds* 


= 907.18474 kilograms* 
=0.90718474 metric ton* 
= 0.89285714 long ton 
1 long ton.___-.---__-----__-- = 2,240 pounds* 
= 1,016.0469088 kilograins* 
=1.12 short tons* 
= 1.0160469088 metric tons* 
1 kilogram_.._.-.----.--_---- = 2,204622622 pounds 
=0.00110231 short ton 
= 0.00098421 long ton 
1 metric ton___.-_---_-_-__ __- = 2,204.6226218 pounds 
= 1,000 kilograms* 
=1.10231131 short tons 
=0.98420653 long ton 


Mathematics 
MA ated ato aes esse siege = 3.1415926535897932384626433832795028841971 
Me ee eee ew eee. = 9.8696044011 
Rf ee ee AL eee Ce eee = 1.7724538509 


Base of Naperian logarithms (e). =2.718281828459 
Modulus of common logarithins 


(OW iO) wee eee eens = 0.43429448 19032518 
I PAH. sce ewes ses eee = 206,264780625 


= 3,437 57467707849 
= 57 °.2957795131 


= 57°17'44780625 
1s |i (: eee ee = ],296,000’’* 

= 21,600’* 

= 360°* 

= 27 radians* 
SO ae ee eee ee = radius* 
AP oes ohne eee ee = 3600’’ * 

= 60’* 

= 020.0174532925199432957666 radian 
1’ Bey ea ete tate Shee taeda a cae ee ge = 6§0’’ 3 

= 0.000290888208665721596 radian 
Deas ce epee Baya eh a eke a = 0.000004848 136811095359933 radian 
sinte-of 1 coho ei eesd ew beateue . =0.00029088820456342460 


DING Of in twee ea ese ce = 0.000004848 13681107637 
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Atmosphere (dry air) 


Nitrogen. ___- een Seen Oe = 


Oxygen 


— — — — ew Kei ew Ke er ee wm ew we ew ee | 


Krypton. 22s. -22ce0c255. 2 


Xenon ._ 


Standard 


a a ed 
a 


atmosphere pressure 


at sea level_____________. 


0.93% 

0.03% 

0.0018% 

0.000524% 

0.0001% 

0.00005% 

0.0000087% 

0 to 0.000007% (increasing with altitude) 
0.000000000000000006% (decreasing with al- 


titude) 


= 1,013,250 dynes per square centimeter* 
= 1,033.227 grams per square centimeter 
= 1,033.227 centimeters of water 

= 1,013,250 millibars* 

= 760 millimeters of mercury 

=76 centimeters of mercury 

= 33.8985 feet of water 

= 29.92126 inches of mercury 

= 14.6960 pounds per square inch 

= 1.033227 kilograms per square centimeter 
= 1.013250 bars* 


Absolute zero_______--.----_-- =(—) 273°15 C 
=(—) 459°67 F 
Pressure 
1 dvne per square centimeter... =0.001 millibar* 
= 0.000001 bar* 
1 gram per square centimeter... =1 centimeter of water 


1 millibar 


= 0.980665 millibar* 

= 0.07355592 centimeter of mercury 

= 0.0289590 inch of mercury 

= 0.0142233 pound per square inch 
=0.001 kilogram per square centimeter* 
= 0.000967841 atmosphere 

= 1,000 dynes per square centiimeter* 

= 1.01971621 grams per square centimeter 
=0.7500617 millimeter of mercury 

= 0.03345526 foot of water 

= 0.02952998 inch of mercury 
=().01450377 pound per square inch 
=(0.001 bar* 

= 0.00098692 atinosphere 
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Pressure—Continued 

1 millimeter of mercury - ~~ - - - - = 1.35951 grams per square centimeter 
= 1.3332237 millibars 
=0.1 centimeter of mercury * 
= (2.04460334 foot of water 
= 0.039370079 inch of mercury 
= 0.01933677 pound per square inch 
=0.001315790 atmosphere 

1 centimeter of imercury - - --_- = 10 millimeters of mercury* 

1 inch of mercury _____--_-_-- = 34.53155 grams per square centimeter 
= 33.86389 muillibars 
= 25.4 millimeters of mercury * 
= 1.132925 feet of water 
=(.4911541 pound per square inch 
=0.03342106 atmosphere 


1 centimeter of water. ____---- = 1 gram per square centimeter 
=0.001 kilogram per square centimeter 
1 foot of water_.___________-- = 30.48000 grams per square centimeter 


= 29.89067 millibars 
= 2.241985 centimeters of mercury 
= 0.882671 inch of mercury 
= 0.4335275 pound per square inch 
= 0.02949980 atmosphere 
1 pound per square inch------- = 68 947.57 dynes per square centimeter 
= 70.30696 grams per square centimeter 
= 70.30696 centimeters of water 
= 68.94757 muillibars 
= 51.71493 millimeters of mercury 
= 5.171493 centimeters of mercury 
= 2.306659 feet of water 
= 2.036021 inches of mercury 
= 0.07030696 kilogram per square centimeter 
= 0.06894757 bar 
= 0.06804596 atmosphere 
1 kilogram per square centi- 


IVC ORs oieo 2 lateneted seh cans = 1,000 grams per square centimeter* 

= 1,000 centimeters of water 

LDN eh ea wae = 1,000,000 dynes per square centimeter* 
= 1,000 millibars* 

Speed 

1 foot per minute____._-_--_-- — 0.01666667 foot per second 
= 0.00508 meter per second * 

1 vard per minute__..-------- =3 feet per minute* 


=0.05 foot per second* 

= (0.03409091 statute mile per hour 
= 0.02962419 knot 

= 0.01524 meter per second* 
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Speed—Continued 


1 foot per second_____.------- = 60 feet per minute* 
= 20 yards per minute* 
= 1.09728 kilometers per hour* 
= 0.68181818 statute mile per hour 
= 0.59248380 knot 
= 0.3048 meter per second * 
1 statute mile per hour__...._.. =88 feet per minute* 
= 29.33333333 vards per minute 
= 1.609344 kilometers per hour* 
= 1.46666667 feet per second 
= 0.86897624 knot 
= 0.44704 meter per second* 
LKNOG2 cast octeie nee seesscins = 101.26859143 feet per minute 
= 33.75619714 vards per minute 
= 1.852 kilometers per hour* 
= 1.687809 feet per second 
= 1.15077945 statute miles per hour 
= 1 nautical mile per hour 


1 kilometer per hour_______--- = 0.62137119 statute mile per hour 
= 0.53995680 knot 
1 meter per second. --._--__-- = 196.85039340 feet per minute 


= 65.6167978 vards per minute 
= 3.6 kilometers per hour* 
= 3.28083990 feet per second 
= 2.23693632 statute miles per hour 
= 1.94384449 knots 
Light in vacuo__._-_--------- = 299,792 kilometers per second 
= 186,282 statute miles per second 
= 161,875 nautical miles per second 
= 983.570 feet per microsecond 
Light MaiPscac.222cc5 ee sees = 299,708 kilometers per second 
= 186,230 statute miles per second 
= 161,829 nautical miles per second 
= 983 294 feet per microsecond 
Sound in dry air at 60° F and =1,116.99 feet per second 
standard sea level pressure 
= 761.59 statute miles per hour 
= 661.80 knots 
= 340.46 meters per second 
Sound in 3.485 percent salt =4,945.37 feet per second 
water at 60° F 
= 3,371.85 statute miles per hour 
= 2,930.05 knots 
= 1,507.35 meters per second 


Volume-mass 
1 cubic foot of sea water___._- = 64 pounds 
1 cubic foot of fresh water____- =62.428 pounds at temperature of maximum 
density (4°C = 39°2 F) 
1 cubic foot of we... 2-2 ee. = 56 pounds 
1 displacement ton_____..---- = 35 cubic feet of sea water* 


=1 long ton 
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Volume 


1 cubic inch__~2--- 2-2 = 16.387064 cubic centimeters* 
= 0.01638661 liter 
—0.00432900 gallon 
1 cubie foot_........--------- = 1,728 cubic inches* 
= 28.31605503 liters 
=7.48051946 U.S. gallons 
= §.22883522 imperial (British) gallons 
= 0.028316846592 cubic meter* 
1 cubie vard___.._..-_-------- = 46,656 cubic inches* 
= 764.53367616 liters 
= 201.974010624 U.S. gallons 
= 168.17859283 imperial (British) gallons 
= 27 cubic feet* 
= (.764554857984 cubic meter* 
1 cubic centimeter____.__----- = ().06102374 cubic inch 
= 0.00026417 U.S. gallon 
= 0.00021997 imperial (British) gallon 
1 cubic meter____._-_-------- = 264.17203187 U.S. gallons 
= 219.96923879 imperial (British) gallons 
= 35.31466655 cubic feet 
= 1.30795059 cubic yards 
bequiart: Cl.S))s see eee bees = 57.75 cubic inches* 
= 32 fluid ounces* 
= 2 pints* 
= 0.94632645 liter 
= 0.25 gallon* 
1 gallon (U.S.)__---- =e = 3,785.3984784 cubic centimeters* 
= 231 cubic inches* 
= 0.13368056 cubic foot 
=4 quarts* 
= 3.7853058 liters 
= 0.83267412 imperial (British) gallon 
WNGP ce caeeties iad oes = 1,000.028 cubic centimeters 
=61.02545 cubic inches 
= 1.05671780 quarts 
= 0.26417945 gallon 


l register ton__._____-_------ = 100 cubic feet* 

= 2.8316846592 cubic meters* 
1 measurement ton___.--_---- =40 cubic feet* 

=1 freight ton* 
1 freight ton__-_..--.----_-_-- =40 cubic feet* 


= 1 measurement ton* 


NotTE:— All values in this appendix are based on the following relationships: 
1 inch==2.54 centimeters* 
1 vard=0.9144 meter* 
1 pound (avoirdupois)=0.45359237 kilogram * 
1 nautical mile=1,852 meters* 
Absolute zero=(—) 273215 C==(—) 459°67 F. 
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APPENDIX D 


M St 6¢T 
OST 

Gt OST 
0€ OST 
MA St OST 


Ist 

ST TST 
O¢ TST 
M St IST 


3u07 


Te T°60 8bT | T2 
6T 0°60 SbT | 6T 
6T G°60 StI | 6T 
8T S°OT SbvT | 8ST 
LT -~MT°?CT BbT | LT 
LT €°bl Svt | LT 
9T €°LT 8vt | 9T 
oT T’°Te 8bT | 9T 
9I -~M8°S2 BbT | OT 
9T 9°Te BSrT | 9T 
91 9°8€ 8b | 9T 
9T 8°9b B8bT | IT 
LT -Mv°9S 8tT | LT 
Ll p°L0 6vT | LT 
81 L°6T 6bT | 8T 
6T -M9°CE 6bL | 6T 
oT 
T 
61 +Nv'Tt 6S 6T 
6T 2°SS 6S 6T 
6T T°80 09 61 
6T C02 09 6T 
6T +NO9°TE 09 6T 
6T G2 09 6T 
6T 0°€S 09 61 
02 T°€0 19 61 
02 +N6°2T 19 
r) ° 
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T 8bvT | Te 


“cL 8bT | 61 
"eT B8bT | 6L 
“vT 8bT | 8T 


T 8vTt | LT 
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"02 8bT | ZT 
-M0°62 StT | IT 


€ 8vl | 9t 


"Ty StL | 9T 
"0S 8bT | OT 
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STARS, MAY—AUG., 


No.| 


7 


Name 


‘ 
Se 


Acamay 
Achernar 


5* 
30* 
19 
10* 


AlCrux 
Adhara 
Aldebaran 


Alioth 
Alkaid 
Al Nair 








ay 
12* 
53* 
28* 

4* 
27* 
14 
47 


54 
56* 


31 
29 
35 

6 





48 
40* 
57 
8 
36 
24 
9 
50* 
52* 
21* 
20* 
46* 
26* 
r1* 
38° 
44 
3* 
45* 
18* 
33° 
23°: 
49* 
39 
656 








Alnilam 
Alphard 


Alphecca 
Alpheratz 
Altair 
Ankaa 
Antares 


Arcturits 
Atria 
Avior 

| Bellatrix 

| Betelgeuse 


Canopits 
Capella 
Deneb 
Denetola 
Diphda 


Dubhe 
Elnath 
Eltanin 
Enif 
Fomalhaut 
Gacrux 
Gienah 
Hadar 


* Hamal 


Kaus Aust. 


Kochab 
Markab 
Menkar 
Menkent 


Miaplacidus 


Mirfak 
Nunki 
Peacock 
Pollux 
Procyon 


Rasalhague 
Regulus 
Rigel 

Rigil Went, 
Sabik 


Schedar 
Shaula 
Sirtus 
Spica 
Suhail 


Vega | 
Zuben’ubi 


ny 


Cn Ae kt 


nN 


“I 





I4 
16 

T 
I7 
Is 
19 

T 


1 


Mag. 





—1°0 
I-2 
2-2 
O-l 
2-9 


APPENDIX E 
AIR ALMANAC EXTRACTS 
INTERPOLATION OF G.H.A. 


Increment to be added for intervals of G.M.T. to G.H.A. of : 


1955 
as 


ada ea 51 S.40 20 
335 5919.57 27 





173 58 | S.62 52 
255 47 | 9.25 55 


291 39 
166 59 


153 33 ¥- 
28 38 





N.16 25 
N. 5612 


a 


276 31/5. 114 
218 39 1S. 8 28 


v.26 52 
N.28 51 
N. 8 45 
S.42 33 
5.26 20 
N.1I9 25 
S.68 57 
$.59 22 
N. 619 
iN. 7 24 


126 48 |N 
358 28 
62 50 
353 58 
113, 19 
146 35 
109 00 
234 30 
279 19 
271 49 
264 16 | S.52 40 
231 39 |N.45 57 

50 o1 |N.45 07 
183 18 'N.14 49 
349 39 | S.18 T4 


194 45 IN.62 oo 
279 08 \N.28 34 
QI 06 |N.51 30 
34 30|N. 9 40 
16 12/S.29 51 


172 49 
176 37 
T49 50 
328 50 

84 41 
13717 

14 22 
315 O1 
148 59 
221 50, 


399 43 
76 52 
54 27 

244 21 

245 45 
96 47 

208 30 

231 54 

140 51 

103 02 

350 30 
Y7 21 

259 I2 

15917 

223 25 
8108 N 


5.56 52 
$.17 18 
S.60 Io 
N.23 15 
5.34 24 
N.74 20 
N. 14 58 
N.°3 55 
5.36 og 
S.69 32 
N.49 42 
5.26 21 
S.56 53 
N.28 08 
N. 5 20 


N.12 35 
N.12 11 
S. 815 
5.60 39 
5.15 40 
N.56 18 
5.37 04 
S.16 39 
S.10 56 
9.43 15 


6.38 45 


Sun, Aries (Y) and planets ; 


Moon. 


a a nc 


m 8 


00 00 
OI 
0S 
09 
13 
17 
21 
25 
29 
33 
37 
41 
45 
49 
53 

00 57 

OI OI 
05 
09 
13 
17 
2I 
25 
29 
33 
37 
41 
45 
49 
53 

Ol 57 

02 OI 

mie 
09 
13 
17 
2I 
25 
29 
33 
37 
41 
45 
49 
53 

02 57 

03 OI 
05 
09 
13 
17 

03 2I 


0 00 
O OI 
0 02 
0 03 
O O4 
0 05 
Oo 06 
O 07 
o 08 
0 09 
0 10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
O 22 
O 23 
O 24 
0 25 
Oo 26 
O 27 
o 28 
0 29 
Oo 30 
O 3I 
O 32 
9 33 
O 34 
0 35 
O 36 
0 37 
Oo 38 
O 39 
O 40 
O 41 
O 42 
0 43 
O 44 
0 45 
oO 40 
O 47 
o 48 
© 49 
Oo 50 


» 


000000000 0 


(e) 


m 


00 00 | 03 17 


00 02 21 
00 06 25 
.00 10 29 
00 14 33 
oo 18 37 
00 22 41 
00 26 45 
00 31 49 
00 35 53 
00 39 | 93 57 
00 43 | 04 O1 
00 47 05 
oO 51 09 
00 55 13 
OI 00 17 
OI 04 21 
oI 08 25 
OI 12 29 
OI 16 33 
OI 20 37 
OI 24 4I 
OI 29 45 
Or 33 49 
Ol 37 53 
OI 41 | 04 57 
OI 45 | 05 o1 
OI 49 05 
OI §3 09 
o1 58 13 
02 02 17 
02 06 21 
02 10 25 
02 14 29 
02 18 33 
02 22 37 
02 27 41 
02 31 45 
02 35 49 
02 39 53 
02 43 | 95 57 
02 47 | 06 o1 
02 5I 05 
02 56 09 
03 00 13 
03 04 17 
03 08 21 
03 12 25 
03 16 29 

03 20 33 
03 25 37 
03 29 ! 06 41 


MOON | SUN, etc. 


9 é 
O 50 
O 51 
O 52 
0 53 
0 54 
055 
oO 56 
057 
0 58 
0 59 
oo 
OI 
O02 
03 
O04 
05 
06 
07 
08 
09 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
1 38 
I 39 
I 40 


to | 


ec ee ee ne ee ee ee ee ee ee eo oe 


MOON | SUN, etc. 
m 6 Le} 8 
03 25 | 06 37 : 


03 29 4! 

0333} 45 | 
03 37 49 ‘ 
03 41 53 ; 
03 45 | 06 57 : 
03 49 | 97 OI : 
03 54 05 : 
03 58 09 : 
04 02 13 

04 06 17 : 
04 10 21 : 
04 14 25 : 
04 19 29 : 
04 23 33 : 
04 27 37 : 
04 31 4I : 
04 35 45 ‘ 
04 39 49 y 
04 43 53 : 
04 48 | 07 57 ‘5 
04 52 | 08 o1 

04 56 05 : 
05 00 09 
05 04 13 5 
05 08 17 
05 12 21 A 
05 17 25 3 
05 21 29 
05 25 33 . 
05 29 37 : 
05 33 ae 
05 37 45 , 
05 41 49 , 
05 46 53 
05 50 | 08 57 5 
05 54 | 99 o1 ; 
05 58 05 

06 02 09 a 
06 06 13 : 
06 10 17 . 
06 15 21 7 
06 19 25 : 
06 23 29 : 
06 27 33 

06 31 37 : 
06 35| 41 | 
06 39 45, 
06 44 49 
06 48 53 
06 52 | 09 57 | 
06 56 | 10 00 


* Stars used in H.O. 249 (A.P. 3270). 
t Stars so indicated may be used with declination tables. 

The numbers following the names are those used in A.P. 1618 
137 53 | 9-15 52 | (H.O. 218). 


40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
oo 
ol 
02 
03 
04 
05 
06 
07 
08 
09 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 


APPENDIX E: AIR ALMANAC EXTRACTS 


GREENWICH A. M. 1955 JUNE 18 soir 


192 19 
194 49 N23 23 


0]; 197 19 


199 49 
202 19 - 
204 49 
207 19 


209 49 N23 23 
O}| 212 19 


214 49 
217 19 - 
219 49 
222 19 


224 49 N23 23 
227 19 

229 49 

232 19 - 


234 49 
237 19 


239 49 N23 23 


0} 242 18 


244 48 
247 18 - 
249 48 
252 18 


254 48 N23 23 
257 18 


259 48 
262 18 - 
264 48 
267 18 


269 48 N23 24 
272 18 

274 48 

277 18 - 

279 48 

282 18 


284 48 N23 24 
287 18 


201 33 N20 16 
204 03 144 


216 32 N20 17 
219 02 

221 32 

224 02 - 

226 32 

229 02 


231 32 N20 18 
234 01 

236 31 

239 01 - 

241 31 

244 01 


246 31 N20 18 
249 01 

251 31 

254 00 - 

256 30 

259 00 


261 30 N20 19 
264 00 

266 30 

269 00 - 


271 30 
273 59 


276 29 N20 20 


306 28 N20 21 
308 58 

311 28 

313 58 - 


316 27 
318 57 


321 27 N20 21 


351 26 N20 23 
353 56 
356 26 
358 55 - 
125 
355 


6 25 N20 23 
8 55 


11 25 
1355 - 
16 25 
18 55 


147 09 
149 39 - 
152 09 


154 40 


157 10 N20 27 
159 40 

162 11 

164 41 - 

167 11 

169 42 


172 12 N20 27 
174 42 

177 13 

179 43 - 

182 13 

184 44 


187 14 N20 27 
189 44 

192 15 

194 45 - 

197 15° 

199 45 


202 16 N20 27 
204 46 

207 16 

209 47 - 


212 17 
214 47 


217 18 N20 26 
219 48 

222 18 

224 49 - 

227 19 

229 49 


232 20 N20 26 
234 50 

237 20 

239 51- 


242 21 
244 51 


247 22 N20 26 
249 52 

252 22 

254 53 - 


257 23 
259 53 


262 24 N20 26 
264 54 

267 24 

269 55 - 

272 25 

274 55. 


277 26 N20 26 
279 56 


282 26 
284 57 - 
287 27 
289 57 


292 28 N20 26 
294 58 

297 28 

299 58 - 

302 29 

304 59 


307 29 N20 26 
310 00 

312 30 

315 00 - 

317 31 

320 01 


56 58 $14 05 
59 28 


61 59 
64 29 - 
67 00 
69 30 


72 01 $14 05 
74 31 

77 01 
7932+ - 


82 02 
84 33 


87 03 $14 05 
89 34 

92 04 

94 35 - 

97 05 

99 35 


102 06 $14 05 
104 36 

107 07 

109 37 - 

112 08 

114 38 


117 08 $14 05 
119 39 

122 09 

124 40 - 


127 10 
129 41 


132 11 $14 05 
134 41 

137 12 

139 42 - 

142 13 

144 43 


147 14 $14 05 
149 44 


152 14 
154 45 - 
157 15 
159 46 


162 16 $14 05 
164 47 


167 17 
169 47 - 
172 18 
174 48 


177 19 $14 05 
179 49 

182 20 

184 50 - 

187 20 

189 52 


192 21 $14 05 
194 52 

197 22 

199 53 - 

202 23 

204 53 


GHA Dec. ag cin Dee au Dec. SA Dec. cu aes Pink 


242 01 N21 57 
244 24 58 
246 48 21 59 
249 12 22 00 
251 36 
253 59 


256 23 N22 03 


282 44 
285 08 N22 14 


313 52 N22 25 
316 16 26 
318 40 
321 03 
323 27 
325 51 


328 14 N22 30 
330 38 31 


345 00 
347 24 
349 47 
352 11 
354 35 


356 58 N22 40 
359 22 0 
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658 APPENDIX E: AIR ALMANAC EXTRACTS 


GREENWICH P. M. 1955 JUNE 18 (SATURDAY) 


GHA Dec. | GHA T{| GHA __ Dec. 
h m oF oUF e oUF a 


12 00]| 359 47 N23 24| 85 57| 21 24.N20 24] 322 31 N20 26| 222 27 $14 05 
10 


217 88 28) 23 54 

























20 90 58) 26 24 
30 93 28] 28 54 - 
40 95 59) 31 24 
50 98 29| 33 54 
13 00|| 14 47 N23 24/101 00) 36 24 N20 24 
10}; 17 17 103 30} 38 54 
20); 19 47 106 01) 41 23 
30}; 22 17> 108 31} 4353 - 
40)| 24 47 111 01) 46 23 
50}; 27 17 113 32} 48 53 
14 00]| 29 47 N23 24) 116 02) 51 23 N20 25 
10}| 32 17 118 33) 53 53 
20)| 34 47 121 03| 56 23 
30} 37 17- 123 33) 5853 - -; 
40|| 39 47 126 04} 61 22 
50}; 42 17 128 34) 63 52 
15 00|| 44 47 N23 24) 131 05| 66 22 N20 26 
10)| 47 17 133 35} 68 52 
20}| 49 47 136 05) 71 22 
30}; 5217 - 138 36; 73 52 - 
40|| 54 47 141 06} 76 22 
50|} 57 17 143 37) 78 52 
16 00]| 59 47 N23 24) 146 07} 81 22 N20 26 
10 148 38) 83 51 
20 151 08] 86 21 
30 153 38] 8851 - 
40 156 09} 91 21 
50 158 39} 9351 
17 00 161 10! 96 21 N20 27 
10 163 40) 98 51 
20 166 10; 101 21 
30 168 41) 103 50 - 
40 171 11; 106 20 
50 173 42| 108 50 
18 00 176 12] 111 20 N20 27 
10 17 178 42] 113 50 
20]| 94 47 181 13) 116 20 
30|} 97.17 - 183 43] 118 50 - 
40|| 99 47 186 14) 121 20 








17 188 44) 123 50 












19 00 47 N23 24] 191 15] 126 19 N20 28 
10|| 107 16 193 45| 128 49 
2011 109 46 196 15] 131 19 
30|| 112 16 - 19846! 133 49 - 
40|| 114 46 201 16| 136 19 
501/117 16 203 47] 138 49 

20 001/119 46 N23 24/ 206 17] 141 19 N20 29 
10||122 16 208 47| 143 49 
20/1124 46 211 18] 146 18 
3011127 16 - 213 48/148 48 - 
40/1 129 46 216 19} 151 18 
50|| 132 16 218 49| 153 48 





















21 00)| 134 46 N23 24) 221 19) 156 18 N20 29 
10}| 137 16 223 50) 158 48 
201} 139 46 226 20/ 161 18 
30]{ 142 16 - 228 51) 163 48 - 
401; 144 46 231 21] 166 17 
50}} 147 16 233 51| 168 47 
22 00}} 149 46 N23 25) 236 22) 171 17 N20 30 
10}) 152 16 238 52! 173 47 
20]; 154 46 241 23) 176 17 
30}; 157 le - 243 53] 178 47 - 
40}| 159 46 246 24) 181 17 
50}| 162 16 248 54] 183 47 
23 001] 164 46 N23 25) 251 24} 186 17 N20 30 
10}; 167 16 253 55] 188 46 
20}| 169 46 256 25| 191 16 
30|}172 16 - 258 56| 193 46 - 
40}| 174 46 261 26] 196 16 






177 16 263 56] 198 46 


337 33 N20 26 


352 35 N20 26 




















327 45 $14 05/126 13 N23 14 
-330 15 128 36 15 
332 45 131 00 15 
335 16 > 133 24 - 16 
337 46 135 47 16 
340 17 138 11 


112 51 N20 25 


127 53 N20 25 





















° ° ’ 


25 42 N22 48 
28 06 49 





224 57 














227 27 30 29 50 
229 58 - 3253 + 51 
232 28 35 16 51 
234 59 37 40 52 
237 29 S14 05} 40 04 N22 53 
239 59 42 27 53 
242 30 4451 54 
245 00 - 4714 - 55 
247 31 49 38 35 
250 01 52 02 56 





252 32 $14 05] 54 25 N22 57 
255 02 
257 32 
260 03 - 
262 33 


265 04 


267 34 $14 05 
270 05 

272 35 

275 06° -: 
277 36 

280 06 


282 37 $14 05 
285 07 

287 38 

290 08 - 

292 39 

295 09 


297 39 S14 05 
300 10 






66 23 23 00 


68 47 N23 01 
7111 01 
73 34 02 
7558 + 02 
78 21 03 
80 45 04 


83 09 N23 04 
85 32 05 
87 56 05 
9019 - 06 
92 43 07 
95 06 07 


97 30 N23 08 
99 54 08 






















302 40 102 17 09 
305 11 - + (10441 - O9 
307 41 107 04° 10 
310 11 109 28 11 





111 52 N23 11 
11415 12 


312 42 $14 05 
315 12 








317 43 116 39 12 
320 13 - 11902 + 13 
322 44 121 26 13 
325 14 123 49 14 































342 47 $14 05] 140 34 N23 










































345 18 142 58 18 
347 48 145 21 18 
350 18 - 147 45 - 19 
352 49 150 09 19 
355 19 152 32 20 
357 50 $14 05] 154 56 N23 20 
0 20 157 19 21 
251 159 43 21 
5 21> 162 06 - 21 
751 164 30 22 
10 22 166 53 22 
12 52 $14 05] 169 17 N23 23 
15 23 171 40 23 
17 53 174 04 24 
20 24 - 176 28 + 24 
22 54 178 51 24 
25 24 181 15 
27 55 $14 05; 183 38 N23 25 
30 25 186 02 26 
32 56 188 25 26 
35 26: 190 49 + 26 
37 57 193 12 27 





40 27 195 36 

































JUPITER —1.4 SATURN 0.5 @ MOON Sun- | Tw- 

Lat. rise light Diff. 
GHA iDec. GHA Dec. GHA Dec. 
oF oF o Ff o °F ’ N 


SPHHEHW WWWWW WWWWN WNNNA NNNN& Bee 3 
ePNKODO ONOAU WHKOV DNTKU DB WNHHOOD newer ee 


Diff. 


NNNNN NYRNNW WWW Www WWwwww Ww Ww 
NWUEOAS “WOOO KF RK NW AAUO OH S4aS3 Poste 3 


GHA Dec. |GHA T| GHA Dec. GHA _ Dec. GHA Dec. GHA Dec. cae 
h m oUF e ’ e ’ oUF oUF oF ° , oof ° ’ r: r 2 ° ° 


APPENDIX E: AIR ALMANAC EXTRACTS 


GREENWICH A. M. 1955 JUNE 19 (SUNDAY) 


179 46 N23 25 
182 16 

184 46 

187 16 - 

189 46 

192 16 


194 46 N23 25 
197 16 

199 46 

202 16 - 

204 46 

207 16 


209 46 N23 25 
212 15 

214 45 

217 15 - 

219 45 

222 15 


224 45 N23 25 
227 15 

229 45 

232 15 - 

234 45 

237 15 


239 45 N23 25 
242 15 

244 45 

247 15 - 

249 45 

252 15 


254 45 N23 25 
257 15 

259 45 

262 15 - 

264 45 

267 15 


269 45 N23 25 
272 15 

274 45 

277 15 - 

279 45 

282 15 


284 45 N23 25 
287 15 

289 45 

292 15 - 

294 45 

297 15 


299 45 N23 25 
302 15 

304 45 

307 15 - 

309 45 

312 15 


314 45 N23 25 
317 15 

319 45 

322 15 - 

324 44 

327 14 


329 44 N23 25 
332 14 

334 44 

337 14 - 

339 44 

342 14 


344 44 N23 25 
347 14 

349 44 

352 14. 

354 44 

357 14 


266 27 
268 57 
271 28 
273 58 
276 28 
278 59 


281 29 
284 00 
286 30 
289 00 
291 31 
294 01 


296 32 
299 02 
301 33 
304 03 
306 33 
309 04 


311 34 
314 05 
316 35 
319 05 
321 36 
324 06 


326 37 
329 07 
331 37 
334 08 
336 38 
339 09 


341 39 
344 10 
346 40 
349 10 
351 41 
354 11 


356 42 
359 12 
1 42 
4 13 
6 43 
914 


11 44 
14 14 
16 45 
19:15 
21 46 
24 16 


26 47 
29 17 
31 47 
34 18 
36 48 
39 19 


41 49 
4419 
46 50 
49 20 
5151 
54 21 


56 51 
59 22 
61 52 
64 23 
66 53 
69 23 


71:54 
74 24 
76 55 
79 25 
81 56 
84 26 


691-651 °—63——438 


201 16 N20 31 
203 46 

206 16 

208 45 - 

211 15 

213 45 


216 15 N20 32 
218 45 

221 15 

223 45 - 

226 15 

228 45 


231 14 N20 32 
233 44 

236 14 

238 44 - 

241 14 

243 44 


246 14 N20 33 
248 43 

251 13 

253 43 - 

256 13 

258 43 


261 13 N20 33 
263 43 

266 13 

268 43 - 

271 12 

273 42 


276 12 N20 34 
278 42 

281 12 

283 42 - 

286 12 

288 42 


291 12 N20 35 
293 41 

296 11 

298 41 - 

301 11 

303 41 


306 11 N20 35 
308 41 

311 11 

313 40 - 

316 10 

318 40 


321 10 N20 36 
323 40 

326 10 

328 40 - 

331 10 

333 39 


336 09 N20 36 
338 39 

341 09 

343 39 - 

346 09 

348 39 


351 09 N20 37 
353 38 
356 08 
358 38 - 
1 08 
3 38 


6 08 N20 38 
8 38 

11 08 

13 38 - 

16 07 

18 37 


142 55 N20 24 
145 25 

147 55 

150 26 - 

152 56 

155 26 


157 57 N20 24 
160 27 

162 57 

165 28 - 

167 58 

170 28 


172 59 N20 24 
175 29 

177 59 

180 30 - 

183 00 

185 30 


188 01 N20 24 
190 31 

193 01 

195 31- 

198 02 

200 32 


203 02 N20 24 
205 33 

208 03 

210 33 - 

213 04 

215 34 


218 04 N20 24 
220 35 

223 05 

225 35 - 

228 06 

230 36 


233 06 N20 24 
235 37 

238 07 

240 37 - 

243 08 

245 38 


248 08 N20 24 
250 39 

253 09 

255 39 - 

258 10 

260 40 


263 10 N20 24 
265 41 

268 11 

270 41 - 

273 11 

275 42 


278 12 N20 23 
280 42 

283 13 

285 43 - 

288 13 

290 44 


293 14 N20 23 
295 44 

298 15 

300 45 - 

303 15 

305 46 


308 16 N20 23 
310 46 

313 17 

315 47 - 

318 17 

320 48 


42 57 $14 05 
45 28 

47 58 

50 29 - 

52 59 

55 30 

58 00 S14 05 
60 30 

63 01 

65 31: 

68 02 

70 32 


73 03 $14 05 
75 33 

78 03 

80 34 - 

83 04 

85 35 


88 05 514 05 
90 36 

93 06 

95 37 

98 07 

100 37 


103 08 $14 05 
105 38 

108 09 

110 39 - 

113 09 

115 40 


118 10 $14 05 
120 41 

123 11 

125 42 - 

128 12 

130 42 


133 13 $1405 
135 43 

138 14 

140 44 - 

143 15 

145 45 


148 16 $14 05 
150 46 

153 16 

155 47 - 

158 17 

160 48 


163 18 $14 05 
165 49 

168 19 

170 49 - 

173 20 

175 50 


178 21 $14 05 
180 51 

183 22 

185 52 - 

188 22 

190 53 


193 23 $14 05 
195 54 

198 24 

200 55°: 

203 25 

205 55 


208 26 $514 04 
210 56 

213 27 

215 57 - 

218 28 

220 58 


197 59 N23 27 
200 23 28 
202 46 28 
20510 - 29 
207 33 29 
209 57 29 
212 20 N23 30 
214 44 30 
217 07 30 
21931 - 31 
221 55 31 
224 18 31 
226 42 N23 31 
229 05 32 
231 29 32 
23352 + 32 
236 16 33 
238 39 33 
241 03 N23 33 
243 26 33 
245 50 34 
24813 - 34 
250 37 34 
253 00 34 
255 24 N23 35 
257 47 35 
260 11 35 
262 34 + 35 
264 58 36 
267 21 36 
269 45 N23 36 
272 08 36 
274 32 37 
27655 + 37 
279 19 37 
281 42 37 
284 06 N23 37 
286 29 37 
288 53 38 
29116 - 38 
293 40 38 
296 03 38 
298 27 N23 38 
300 50 38 
303 14 39 
305 37 + 39 
308 01 39 
310 24 39 
312 48 N23 39 
315 11 39 
317 35 39 
31958 + 39 
322 22 40 
324 45 40 
327 09 N23 40 
329 32 40 
331 56 40 
33419 + 40 
336 43 40 
339 06 40 
341 30 N23 40 
343 53 40 
346 17 40 
348 40 - 40 
351 04 40 
353 27 40 
355 51 N23 40 


358 14 40 
0 38 40 
301 + 40 
5 25 40 
7 48 40 
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660 APPENDIX E: AIR ALMANAC EXTRACTS 


GREENWICH P. M. 1955 JUNE 19 a 


GMT © SUN VENUS — 3.3 UPITER — 1.4 ee 0.5 Lat.| Sun: | Te: pi 
GHA pec: Gra T GHA Dec. un A De rise | light 


2 00 359 44 N23 25 86 56 323 18 N20 23 223 28 514 04 10 12 N23 40 






































































21 07 N20 38 














































































































































































































214 23 37 325 48 225 59 12 35 40 

20 4 44 26 07 328 19 228 29 14 59 40 

30 714- — > 28 37 - + |33049+- + {23100+- + | 1722 + 40 

40 9 44 31 07 333 19 233 30 19 46 40 

50}; 12 14 33 37 335 50 236 01 22 09 40 

13 00}) 14 44 N23 25 36 06 N20 39] 338 20 N20 23] 238 31 S14 04} 24 33 N23 40 

10}; 17 14 38 36 340 50 241 01 26 56 40 

20}; 19 44 41 06 343 21 243 32 29 20 40 

30|} 22 14- - 4336- + {34551+ + [24602- + | 3143 + 40 

40|| 24 44 46 06 348 21 248 33 34 07 40 

50}; 27 14 48 36 350 51 251 03 36 30 40 

14 00|| 29 44 N23 25 51 06 N20 39] 353 22 N20 23] 253 34 S14 04/ 38 54 N23 40 

10}} 32 14 53 36 355 52 256 04 4117 40 

20}; 34 44 56 05 358 22 258 34 43 41 40 

30] 37 14- 58 35. - 053+ + 126105- + | 4604 + 40 

40}| 39 44 61 05 3 23 263 35 48 28 40 

50)| 42 14 63 35 5 53 266 06 50 51 40 

15 00|| 44 44 N23 25 66 05 N20 40} 8 24 N20 23/268 36 $14 04) 53 15 N23 40 

10} 47 14 68 35 10 54 271 07 55 38 40 

20}| 49 44 71 05 13 24 273 37 58 02 39 

30}) 5214+ - 7335 -  « 1655+ + 127607+ + | 6025 + 39 

40|| 54 44 76 05 18 25 278 38 62 49 39 

50}} 57 14 78 34 20 55 281 08 65 12 39 

16 00]| 59 44 N23 25 81 04 N20 40} 23 26 N20 23} 283 39 $14 04) 67 36 N23 39 

10}; 62 14 83 34 25 56 286 09 69 59 39 

20}| 64 44 86 04 28 26 288 40 72 23 39 

30|)} 67 14- - 88 34- + | 3057- 29110- = 7446 + 39 

40/} 69 44 91 04 33 27 293 40 77 (10 38 

50]; 72 14 93 34 35 57 296 11 79 33 38 

17 00)} 74 44 N23 25 96 04.N20 41| 38 28 N20 23} 298 41 S14 04 81 57 N23 38 

10}} 77 13 98 33 40 58 301 12 84 20 38 

20}| 79 43 101 03 43 28 303 42 8644 #38 

30}} 8213 - 10333 - + | 4559. 30613 - + | 8907 + 38 

40}| 84 43 106 03 48 29 308 43 91 31 37 

50|| 87 13 108 33 50 59 311 13 93 54 37 

18 00)| 89 43 N23 26 111 03 N20 42} 53 30 N20 22] 313 44 S14 04] 96 18 N23 37 

10} 92 13 113 33 56 00 316 14 98 41 37 

20} 94 43 116 03 58 30 318 45 101 05 37 

30]; 97 13- 118 32 - 6101+ + {32115 + + 1103 28 + 37 

40); 99 43 121 02 63 31 323 46 105 52 36 

50}| 102 13 123 32 66 01 326 16 108 15 36 

19 00}} 104 43 N23 26 126 02 N20 42] 68 32 N20 22] 328 46 $14 04/110 39 N23 36 

10}; 107 13 128 32 71:02 331 17 113 02 36 

20}| 109 43 131 02 73 32 333 47 115 26 35 

30|}112 13 - 133 32 7603+ «+ [33618- + {11749 + 35 

40/}114 43 136 02 78 33 338 48 120 13 35 

50)} 117 13 138 32 81 03 341 19 122 36 35 

20 00/}119 43 N23 26 141 01 N20 43] 83 34 N20 22] 343 49 $14 04/125 00 N23 34 

10}} 122 13 143 31 86 04 346 19 127 23 34 

201,124 43 146 01 88 34 348 50 129 47 34 

30||127 13 - 148 31 - 9104 - 35120 - + |13210 + 34 

40|| 129 43 151 01 93 35 353 51 134 34 33 

50}| 132 13 153 31 96 05 356 21 136 57 33 

21 00/| 134 43 N23 26 156 01 N20 43] 98 35 N20 22] 358 52 $14 04] 139 21 N23 33 

10}} 137 13 158 30 101 06 1 22 141 44 33 

201/139 43 161 00 103 36 3 52 144 08 32 

30/1142 13 - 163 30 - 106 06 - 623- + [14631 + 32 

40}/144 43 166 00 108 37 8 53 148 55 32 

50)}| 147 13 168 30 111 07 11 24 151 18 31 

22 00}| 149 43 N23 26 171 00 N20 44| 113 37 N20 22] 13 54 $14 04/153 42 N23 31 

104/152 13 173 30 116 08 16 25 156 05 31 

20|} 154 43 176 00 118 38 18 55 158 29 31 

3011157 13 - 178 30 - 121 08 - 2125+ + {16052 - 30 

40} 159 43 180 59 123 39 23 56 163 16 30 

50}| 162 13 183 29 126 09 26 26 165 39 30 

23 00}| 164 43 N23 26 185 59 N20 45/128 39 N20 22] 28 57 S14 04/168 03 N23 29 

10/|167 13 188 29 131 10 31 27 170 26 29 

20)} 169 43 190 59 133 40 33 58 172 50 29 

30}; 172 13 - 193 29+ + |13610+ +; 36 28 - + 117513 + 28 

40}; 174 43 195 59 138 41 38 58 177 37 28 
50||177 13 198 29 141) 11 41 29 180 00 2715S 
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GREENWICH A. M. 1955 JUNE 20 (MONDAY) 


‘ GHA Dec. |GHA Tr] GHA Dec. | GHA Dec. | GHA Dec. | GHA Dec. |? '™* 
m e ° ) ° rn) e oj. ee eo. e eo oF eo oF 


00 00 i . N23 26] 267 26] 200 59 N20 45| 143 41 N20 22] 43 59 514 04 
























































































































































































































































































10 203 28 146 12 46 30 
20/| 184 42 205 58 148 42 49 00 
30|| 187 12 - 208 28 - 15112- 5131- - 
40]| 189 42 210 58 153 43 5401 
50|] 192 12 213 28 156 13 56 31 
01 00}/194 42 N23 26 215 58 N20 46] 158 43.N20 22] 59 02 S14 04 
10]} 197 12 218 28 161 14 61 32 
201/199 42 220 57 163 44 64 03 
30]| 202 12 - 223 27 - 166 14- 66 33 - 
40|| 204 42 225 57 168 44 69 04 
50] 207 12 228 27 171 15 71 34 
02 00}] 209 42 N23 26 230 57 N20 46] 173 45 N20 22] 7405 S14 04 
10]} 212 12 233 27 176 15 76 35 
20]] 214 42 235 57 178 46 79 05 3<9 
30|| 217 12 - 238 27 - 181 16 - 81 36; nes 
40]| 219 42 240 57 183 46 84 06 3 @3 > 
50]] 222 12 243 26 186 17 86 37 3238 
03 00|| 224 42 N23 26 245 56 N20 47] 188 47 N20 21| 8907 S14 04] § +3 4 
10|| 227 12 248 26 191 17 91 38 6° se 
20|| 229 42 250 56 193 48 94 08 Qao8 
30 253 26- ¢ |19618- + | 9638- = 9 O2 
40 255 56 198 48 99 09 763 
50|| 237 12 258 26 201 19 101 39 S 5 eo z 
a 
04 00]|239 42 N23 26 260 56 N20 47| 203 49 N20 21/104 10 S14 04 2° oe 
10}| 242 12 263 25 206 19 106 40 gxsS8ik 
20|1 244 42 265 55 208 50 109 10 *552 8 
30}| 247 12 - 268 25+ « 121120. 111 41 - Ss REZ 
40|| 249 42 270 55 213 50 114 11 etira 
50] 252 12 273 25 216 21 116 42 Qeza x 
05 00]| 254 42 N23 26 275 55 N20 48| 218 52 N20 21/11912S1404 nt 88 
10}| 257 12 221 21 121 43 yes A7 
2011 259 42 223 52 124 13 Pas O 
30|| 262 12 - 226 22 - 12644. -| 58a 
40|| 264 42 228 52 129 14 Sao 4 
50|| 267 12 288 24 231 23 131 44 2330 
06 00]! 269 42 N23 26 290 54 N20 49| 233 53. N20 21/13415S1404} so5 
10|}272 12 93 24 236 23 136 45 2,920 
20]| 274 42 238 54 139 16 e530 C¢ 
30|| 277 12 - 241 24. 141 46 - Ae 
40|| 279 42 243 54 144 17 “00° 
50]| 282 12 246 24 146 47 274, 2 
Q7 00]) 284 42 N23 26 305 53. N20 49] 248 55 N20 21/149 17 S14. 04) S54 9 
10|] 287 12 308 23 251 25 151 48 gc. m 
20]| 289 42 310 53 253 55 154 18 agvi< 
30|| 292 12 - 313 23 - 256 26 - 156 49 - zs 2 
40|| 294 41 315 53 258 56 159 19 2336 
50|| 297 11 318 23 261 26 161 49 ezie 
08 00}/299 41 N23 26 320 53 N20 50] 263 57 N20 21/164 20 S1404] 338 
10|] 302 11 323 22 266 27 166 50 aa 
20]/ 304 41 268 57 169 21 a 38 
30}| 307 11 - 271 28 - 17151 - pee 
40]| 309 41 273 58 174 22 of: 
§0}| 312 11 276 28 176 52 S36 
a 3 
09 00 335 52 N20 50] 278 59 N20 21/179 23 $1404, * F090 
10 338 22 281 29 181 53 a3 8 
20 340 52 283 59 184 23 Zee 
30 343 22. 286 30 - 186 54 - 
40 34551 289 00 189 24 
50]| 327 11 348 21 291 30 191 55 
10 00]/ 329 41 N23 26 350 51.N20 51] 294 01 N20 21] 194 25 S14 04 
10}/ 332 11 353 21 296 31 196 56 
20|| 334 41 355 51 299 01 199 26 
30//337 11. - 358 21- 301 32 - 20156. + 
40|| 339 41 304 02 204 27 
50|] 342 12 306 32 206 57 
11 00}/344 41 N23 26 309 03 N20 21) 209 28 S14 04 
10]/ 347 11 B 20 311 33 211 58 
20|/ 349 41 10 50 314 03 214 29 
30|| 352 11 - 13 20 - 316 34- 216 59 - 
40|| 354 41 15 50 319 04 219 29 
50|}357 11 18 20 321 34 222 00 
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sn P, ta 1955 JUNE 20 seit 


aun — GHA T iA Pee: SrA Dec. Gik bs 


f 


14 41 N23 26 
17 11 

19 41 
22ll- =. 
24 41 

27 11 


29 41 N23 26 


44 41 N23 26 
47 10 


49 40 
5210- - 
54 40 
57 10 


59 40 N23 26 
62 10 


64 40 
6710- - 
69 40 
72 10 


74 40 N23 26 


89 40 N23 26 
92 10 

94 40 
9710. - 


99 40 
102 10 


104 40 N23 26 
107 10 

109 40 

112 10 - 

114 40 

117 10 


119 40 N23 26 


0}| 122 10 


124 40 
127 10- - 
129 40 
132 10 


134 40 N23 26 
137 10 

139 40 
14210- - 
144 40 

147 10 

149 40 N23 26 
0}/ 152 09 

154 39 
15709- - 
159 39 

162 09 


164 39 N23 26 
0}; 167 09 
169 39 
17209+- «= 


174 39 
177 09 


20 50 N20 52 
23 20 
25 49 


50 38 N20 53 
53 18 
55 48 


65 48 N20 54 
68 17 
70 47 


80 47 N20 54 
83 17 


85 47 
88 16- - 
90 46 
93 16 


95 46 N20 55 
98 16 


100 46 
103 16- - 
105 46 
108 15 


110 45 N20 55 
113 15 


115 45 
11815-+- - 


155 43 N20 57 
158 13 


160 43 
163 13+ - 
165 43 
168 12 


170 42 N20 57 
173 12 

175 42 

178 12- > 
180 42 

183 12 


185 42 N20 58 
188 11 

190 41 

193 ll + s+ 
195 41 


198 11 


324 05 N20 21 


339 07 N20 20 
341 37 

344 07 

34637 - 
349 08 

351 38 


224 30 $14 04 
227 01 


354 08 N20 20 
356 39 257 06 


9 10 N20 20 
11 41 272 0 


1411 
1641- > 
19 12 
21 42 


24 12 N20 20 
26 43 287 11 


39 14 N20 20 
41 45 302 14 


4415 
4645- - 
49 16 
51 46 


54 16 N20 20 
56 47 

59 17 

6147 - - 
64 17 

66 48 


69 18 N20 20 
71 48 

7419 

7649 - «+ 
79 19 

81 50 


84 20 N20 20 
86 50 

89 21 

91 51>. 


94 21 
96 52 


99 22 N20 20 
101 52 
104 23 
10653- - 


109 23 
111 54 


114 24 N20 19 
116 54 

119 25 
12155+  -« 
124 25 

126 55 


129 26 N20 19 


131 56 


134 26 
13657 + + 
139 27 
141 57 


312 15 
314 46 $14 04 


357 23 
359 53 $14 04 
22 


14 56 $14 04 
17 26 

19 57 
2227+ > 
24 58 

27 28 


29 59 S14 04 
32 29 

34 59 
3730+ - 
40 00 

42 31 
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APPENDIX E: AIR ALMANAO EXTRACTS 


CONVERSION OF ARC TO TIME INTERPOLATION OF 
; MOONRISE, MOONSET 
eo{| kh wm o|/ h wm o/h ° h wp | m_ 8 
© | 000] 45 | 3 CO} go /| 6 00 | 135 | 9g 00] 0] 0 00 FOR LONGITUDE 
I} 0 04] 46 | 3 04 | Or | 6 041136] 9 04 1 | 0 04 Add if longitude west. 
2] 0 08 | 47 | 3 08} 92 | 6 08 | 137 | 9 08 | 2] 0 08 Subtract if longitude east. 
3/9121 48 | 312] 93/612] 138 | 912] 3] 012 Diff.* 
41916149 /3 16] 94| 6 161139) 9 16] 4] 0 16 Longi- aie 
tude 
5 | Oo 20] So | 3 20 95 | 6 20] 140 | 9 20] § 1] 0 20 
6| 0 2415: | 3 24] 96] 6 24] 141 924] 6|024 
7|0 28] 52) 3 28] 97] 6 28] 142] 9 28] 7] 0 28 ° 
8 | o 32] 53] 3 32] 98 | 6 32] 143 | 9 32] 8 | o 32 e 
9] ° 36] 54] 3 36] 99/6 36] 144] 9 36] 9] 0 36 ve 
Io | © 40] §§ | 3 40 | 100 | 6 40 | 145 | 9 40] 10] 0 40 a 
II | 0 44] 56 | 3 44] 10% | 6 44] 146] 9 44] 11 | 0 44 80 
12 | 0 48 | 57 | 3 48] 102 6 48 | 147 | 9 48] 12 | o 48 
13, | 0 52] 58 | 3 52 | 103 | 6 52] 148 | 9 52] 13] O 52 100 
14 |° 56] 59 | 3 56] 104 | 6 56] 149 | 9 56] 14/0 56 120 
I5 | 1 00 | 60 | 4 00] 105 | 7 00 | 150 | 10 00 | 35 | 1 00 140 
16 | 1 04 | 6z | 4 04 | 106 | 7 04 | 15z | 10 04 | 16 | 1 04 160 
17 | 1 08 | 62 | 4 08 | 107 | 7 08 | 152.| 10 08 | 17 | 1 08 180 
18 | 1 12 | 63 | 4 12 | 108 | 7 12 |] 153 | 10 12 | 18 | x 12 
19 | 1 16 | 64 | 4 16] 109.| 7 16 | 154 | 10 16 |] 1Q/ 1 16 Longi- 
20 | 1 20] 65 | 4 20] 110 | 7 20] 155 | 10 20] 20 | 1 20 tude 
21 | 1 24 | 66 | 4 24 [ 111 | 7 24] 156 | 10 24 | 23 5 x 24 
22|1 28 | 67 | 4 28 | 112 | 7 28 | 157 | 10 28 |] 22 | 1 28 ° 
23 | 1 32 | 68 | 4 32 | 113 | 7 32 | 158 | 10 32 | 23 | 1 32 o 
24] 1 36] 69] 4 361 114 | 7 36/1 159 | 10 36] 24 | 1 36 15 
25 | 1 40] 70 | 4 40 | 315 | 7 40 | 160 | 10 40 | 25 | rt 40 3° 
26 | 1 44171 | 4 4413161 7 44 | 161 | 10 44 | 26/1 44 45 
27/1 48] 72 | 4 48 | 117 | 7 48 | 162 | 10 48 | 27 | x 48 60 
28 | 1 52173 | 4 52] 118 | 7 52 | 163 | 10 52 | 28 | 1 52 75 
29 | 1 56] 74 | 4 56] 119 | 7 56 | 164 | 10 56 | 29 | I 56 90 
30 |] 2 CO | 75 | 5 00] 120 | 8 00 | 165 | 11 00 | 30 | 2 00 105 
3r | 2 04 | 76 | 5 04] 121 | 8 04 | 166 | 11 04 | 31 | 2 04 120 
32 | 2 08 | 77 | 5 08 | 122 | 8 08 | 167 | 11 08 | 32 | 2 08 
33 | 212] 78 | 5 12 | 123 | 8 12 | 168 | 11 12 | 33 | 2 12 135 
34 | 216] 79] 5 16] 124 | 8 16] 169 | 11 16 | 34 | 2 16 150 
35 | 2 20] 80 | § 20] 325 | 8 20 | 170 | 11 20 | 35 | 2 20 — 
36 | 2 24 | 8 | 5 24 | 126 | 8 24 |] 171 | 11 24 | 36 | 2 24 
37 | 2 28 | 82 | 5 28 | 127 | 8 28 | 172 | 11 28 | 37 | 2 28 ; 
38 | 2 32 | 83 | 5 32 | 128 | 8 32 | 173 | 11 32 | 38 | 2 32 oes 
39 | 2 36 | 84 | 5 36] 129 | 8 36 | 174 | 11 36 | 39 | 2 36 
40 | 2 49] 85 | 5 40 | 130 | 8 40 | 175 | 11 40 | 40 | 2 40 . 
4I | 2 44 | 86 5 44 | 131 | 8 44 | 176 | 11 441 41 | 2 44 0 
42 | 2 48 | 87 | 5 48 | 132 | 8 48 | 177 | 11 48 | 42 | 2 48 x0 
43 | 2 521] 88 | 5 52 | 133 | 8 52 | 178 | 11 52'] 43 | 2 52 20 
44 | 2 56] 89 /-5 56 | 134 | 8 56] 179 | 11 56] 44 | 2 56 30 
45 | 3.00 | 90 | 6 00 | 135 | 9 00 | 180 | 12 00 | 45 | 3 00 40 
46 | 3 % 
47 | 3 08 ro 
For angles greater than 180°, subtract 180° i. - - 70 
and add 12® to the result. 80 
50 | 3 20 90 
The above table is for converting ex- | 57 | 3 24 
eae ; ; as, | 5B] 3 28 100 
ptessions in arc to their equivalent in time ; | 53 | 3 32 “0 
its'main use in this Almanac is for the con- | 54 | 3 3° 120 
version of longitude for application to L.M.T. 2 : - aoe 
(added if west, subtracted if east) to give G.M.T. | 57 | 3 48 
: 58 | 3 52 150 
or vice versa, particularly in the case of 59 | 3 56 160 
sunrise, sunset, etc. 170 
° 9 60 
-— 180 


* When the Diff. is negative subtract correction if longitude west and add correction if longitude east. 
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wanes S SEW W 
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QUyleW Lo Way [13Iy gE = BABUPY 61 

NVyyEwo, 9G = SNANJIIY ES SNS QT 

WEN IV SG  yuaxuaW gg sndoury 21 
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APPENDIX E: AIR ALMANAC EXTRACTS 
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APPENDIX E: AIR ALMANAC EXTRACTS 


“SEMIDURATION OF SUNLIGHT 


SUN ABOVE 
HORIZON 


CONTINUOUS TWILIGHT 
OR SUNLIGHT 
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SEMIDURATION OF MOONLIGHT 
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668 APPENDIX E: AIR ALMANAC EXTRACTS 


CORRECTIONS FOR HEIGHT AND DEPRESSION 


TO BE APPLIED TO TABULATED TIMES OF SUNRISE AND SUNSET 


Tabular duration of twilight 





Sunrise | For these durations, separate tabulations 4b 5» | 69h 4p sh | 6-98 4b sh | 6h re 





























according to the hour of sunrise or sun- 
Sunset set are not necessary 208 rg® j15-185|| 202 | x9® [r5-185]) 205 | rob |r5-184) o ft. 
feet h mm/h m/ hb mi bh mib wm! b mi b mi hk mihkb mi bh mi bh mi Bb mi bh mi b pl hb ° 


500 | 0 02/0 02/0 02 | 0 03/0 03/0 03 |] 0 03/0 04] 0 04 ||0 04/0 04; 0 05 ]/0 05 |0 05/0 05] 1-3 
2,000; 04] 05] 05] 07] 07] O7/]} 08; 08! og|| og] og] 10 Ir] mr] or] 3-7 
5,000 06! 07/ 08); I0 II 12 12 13 14 14 14 15 15 15 17| 2-2 


10,000 |o 08/0 09/0 12/0 14/0 15/0 170 18/0 18/0 19 ]|0 20/0 20]0 21} 0 21/0 21] 0 23| 2-8 
1§,000 | 09] II 15| 16] 19] 21 22| 22! 23 24| 24] 26 26| 27| 28/ 3-2 
20,000; 10; 13/ 16; 18] 22] 24 26; 26! 27 28|} 28) 30 30] 31] 32] 3-6 
25,000 II 14 17 20} 24| .27 29| 29; 30 31 32 33 34! 35 30) 3-9 
30,000 | 0 13/0 16/0 19/0 22/0 26/0 29]/0 32/0 32/0 3310 34/0 35/0 36 © 37|0 38/0 39] 4-2 
40,000; 15) 18] 22} 26; 30) 33 37| 37| 38 39; 4°) 4! 43| 44) 45] 47 
50,000|; 16) 20; 25} 29} 33] 37{1 41] 42) 42] 44] 45) 46] 49] 50] 51] 5-z 
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© 20/0 25/0 30/0 35/0 40/0 45|10 50/0 50/0 50]/0 55/0 55/0 55]|I OO| 1 CO| I OO! 6 
24{ 30) 36) 42)0 48/0 54//1 OF/ 1 OO/O 59], 1 07/1 06/1 05]/1 13/1 13; 11] 7 
28} 35] 42] 49/0 56/1 03]/1 I2|1 11/1 O9]/1 20/1 18/1 16] t 28} zr 25/1 22] 8 
$2| 40] 48/0 56/1 04/1 12})1 24/1 22/1 18] 1 33/1 30) 1 26] 1 42/1 39]1 33] 9 
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O 36/0 44/0 54/1 02 I 21}|1 36|1 33/1 27 
© 39/9 49/0 59/1 O9|I 20/1 30]/I 51/1 44/1 36) 2 03/1 56]/1 46] 2 21) 2 08/1 55] 11 
© 43/0 54|1 05/1 16 I 39||2 O6/1 56/1 45 
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Height Dep. 
nse a OA en a et ne | OE 
Sunrise = 
Sunset o ft. 

feet |. om ey ae ie 
500 1-3 
2,000 1-7 
5,000 2-2 
10,000 2-8 
15,000 3:2 
20,000 3:6 
25,000 3°9 
30,000 4:2 
40,000 47 
§0,000 5'I 
60,000 5°5 
6 

7 

8 

2 9 

2 27|2 15/2 02 2 29/2 23 2 38|2 29] 10 

3 00/2 34/2 .15 2 43|2 35 2 52/2 40/ II 
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wm 

Oo 
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aN 
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3 05/2 50| 12 








The tables on this and the facing page give the interval between sunrise or sunset and (a) the times of corre- 
sponding phenomena at various heights, and (b) the times at which the Sun (for an observer at ground level) 
is at given depressions below the horizon. To each height there corresponds a particular depression, and both are 
given up to heights of 60,000 ft. Depressions only are given beyond this limit. 

The argument of the main table is the tabulated duration of (civil) twilight, with a subsidiary argument the 
time of sunrise or sunset. Generally the nearest column should be taken without interpolation, but intermediate 
values can be used if desired. 

The tables may be used for three purposes : 

(a) to find the corrections for height to the times of sunrise or sunset; 











Height 


Sunrise 
Sunset 


feet 


500 
2,000 
§,000 


10,000 
15,000 
20,000 
25,000 


30,000 
40,000 
50,000 
60,000 


APPENDIX E: AIR ALMANAC EXTRACTS 


CORRECTIONS FOR HEIGHT AND DEPRESSION 


TO BE APPLIED TO TABULATED TIMES OF SUNRISE AND SUNSET 


hmib mi k p/h wh fo 
O 23 |O 15/0 11 |0 08/0 06 


© 33) 23) %%7 | 5 
Ioqg| 38{ 29] 25 


© 59/9 43|° 37 
I 24/9 55|° 47 
I 06/0 56 
I 16/1 05 


I 27/1 13 
I 55|1 30 
I 47 
2 06 


In Table A, when no entry 

is given, the Sun does not 

rise or set at that height 

and is above the horizon 
all day. 


0 19 


I oo 
I 41 
2 10 
2 34 


2 55 
314 





























eee | eee | eee | ee | ee 








Tabular duration of twilight 
130™ 140™ 
xroh | xxh 30 | xD | x2b 3° 
r4® | x32 ax> | r3D | xah axh 
h mi kh wiih mj h wi b mi bh ow 
© 15/0 18]/0 08/0 20/0 38]/0 08 
28/0 33 16/0 37/0 55 16 
43|9 49 25|0 54|I 12 26 
oO 58/1 04/10 37|/I og | I 24]/0 38 
I 09/1 15||0 47/1 21/1 34]/0 48 
I 17|I 23/0 55/1 29/1 4110 57 
I 24/1 30]}/I 02/1 36/1 47 |] 1 04 
I 31/1 35}}2 o9/ 2 43/1 52] 1 11 
I 42|1I 46]/I 24/1 55|2 OO|/1 27 
I 52/I 54]| I 40] 2 03/2 OT] 1 43 
2 00/2 OI|/r 53/2 11/2 12/1 58 
2 10/2 10]/ 2 20| 2 20| 2 20] 2 30 
2 30|2 27 2 38/2 33 
2 49/2 43 2 55|2 46 
3 07/2 58 3 11/2 57 
3 25|3 12 3 27/3 99 
3 43) 3 26 3 42)3 19 
4 O13 40 3 57) 3 29 
TABLE B 
Tabular duration of twilight 
100™ | 120™ | 130™ | 140™ | 150™ | 160™ 
bh mihb mikh mib mi hk wih wi b Bw 
When no entry is given, the 
Sun does not rise or set at 
that height and is below the 0 15 
O 34|1 00 [I 23 
© 31/1 00/1 20 {1 38 
0 14/0 53/1 15/1 31 | 1 48 
‘0 45 |I IO|I 27/1 42 [I 56 
O 34/1 14/1 31/1 44/1 57/2 10 
Oo 28/1 04/1 32/1 45/1 57/2 08 |2 21 
Oo 58/1 22/1 44/1 57|2 08/2 18 | 2 30 
I 20|I 40|2 00/2 10/2 20|2 30 |2 40 
I 54|2 10/2 25 |2 33/2 42/2 §1 | 3 00 
2 21/2 33|2 46/2 54/3 03/3 11 |3 19 
2 43/2 54/3 06 | 3 14) 3 21/3 28 | 3 36 
3 03|3 12/3 24 | 3 31} 3 38/3 45 |3 52 
3 21) 3 30/3 41 | 3 48/3 54/4 00/4 08 
3 39/3 48/3 58 | 4 04/4 10/4 16 | 4 23 


3 32 


150" 
rrh 
138 





720 
128 


h maih wm 
O 22/0 41 


Oo 40 
o 58 


I 14 


I 51 
2 02 
212 
2 20 
2 30 
2 49 
3 08 
3 25 


3 42 
3 58 
414 


2 22 
2 32 
2 4! 


2 50 
3 09 
3 27 
3 44 
4 00 
4 16 
4 31 


0 59 
I 16 


I 30 
I 4! 
1 48 
155 


2 00 
2 09 
2 16 
2 22 


2 30 
2 44 
2 58 
3 10 


3 22 
3 34 
3 45 


22 

33 
2 42 
2 51 


NN NY wH mH 
~~ 
wa 


3 00 
3 18 
3 35 
3 5! 


4 07 
4 23 
4 38 
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(b) to obtain the duration of twilight corresponding to any depression of the Sun down to 12° ; 
(c) to calculate the time of twilight at a given height. 


sponding depression of the Sun at ground level..- 


Examples of their use are given in the Explanation. . 
The auxiliary Tables A and B give precisely the same information as the main table for extreme conditions. 
Table A refers to those cases where civil twilight lasts all night (indicated by /I/l ) ; the argument used is the time 


of sunrise or sunset. 


For this purpose it is necessary to know the corre- 


Table B refers to those cases in which the Sun remains continuously below the horizon 


(indicated by @B); the argument used is the duration of twilight from apparent noon, which is the quantity 
tabulated on the daily pages; the value obtained is to be applied to 125 00%, 
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APPENDIX E: AIR ALMANAC EXTRACTS 


POLARIS (POLE STAR) TABLE, 1955 


FOR DETERMINING THE LATITUDE FROM AN OBSERVED ALTITUDE 


LHAY Q|LHAY Q|LHAY Q 


359 35 _., 
1 45 _.y 
406 
6 49 53 
935 _4, 

13 oT —55 
17 28 ~56 
27 39 _ 
28 44 ~56 
38 55 _,. 
43 22 


—54 
46 48 ~53 


83 55_.. 119 15 : 
85 08 2 120 15° : 
86 19 >| 121 16 > 
9 _ 26 12r 16 | - 
87 30 28 | 122 17 5 
88 40 27 123 19 6 
89 49 124 20 
26 + 7 
9° 57 _ 125 21g 
92 04 ae 126 23, 9 
93 11 127 24 
94 18 = 128 a 
95 24 a1 | 229 28 + 
96 29_1, | 13° 31155 
97 34_ 131 33 
98 38 ie 132 36 ee 
99 4 133 49 16 
100 46 «| 134 43, 7 
eae? | Gas ge 
—14 +19 
ase er 
ce _ cae ap 07 * 
107 or. | rgr 13 * 
108 03 ha 142 20 “ 
109 04 _ 143 28 ee 
110 06 _ 7 44 36 +26 
III 07 145 45 
112 08 | : 146 54 sa 
113 09 | 148 04 +29 
114 10 _ : 149 16 +30 
II5 Ir | 150 28 +31 
116 12 _ 1 | tS! 42 +3 
ae 13 | 152 55 433 
118 14 | 154 Io +34 
119 15 155 27 


LHAY Q/|LHAY Q|LHAY Q|LHA. Y Q 


155 27... 
156 45 +36 
158 04 +37 
159 25 +38 
160 48 +39 
162 12 +40 
163 39 | 41 
165 08 +42 
166 39 45 
168 14 baa 
169 ST 14 
171 33 +46 
173 18 +47 
175 99 48 
177 5 4 49 
179 08 | 6 
181 20 +51 
183 42 10 
186 19 +53 
189 17 +54 
192 46 +55 
197 18 +56 
207 44 

nob 3917 
219 05 +55 
223 37 +54 
227 06 1 
230 04 +52 
232 41 16; 
235 03 , 50 
237 15 
239 18 ie 
241 14 

243 05 


283 
284 


+15 
47 14 


50 





The above table, which does nof include refraction, gives the quantity Q to be applied to the corrected 
observed altitude of Polarts to give the latitude of the observer. 


BUBBLE 
SEXTANT 
ERROR 


Sextant No. 


Alt. Corr. 


STANDARD DOME 
REFRACTION 


observed altitude when 
using sextant suspension 


in a perspex dome. 

Alt. Refn.| Alt. Refn 
10 «= 8 | 50g 
20 7 60 4 
30 6 | 70 3 
40 5 | 80 3 


This table must not be 

used if a calibration table 

is fitted to the dome, or if 

a flat glass plate is pro- 

vided, or fornon-standard 
domes. 


10 
15 
20 
25 
30 
35 
40 
45 
50 





Ht. in 
To be subtracted from |!1,000 ft. 





Observed Altitude 





A.N.T. ADJUSTMENT FOR REFRACTION 


+ 
mm oO 0000 (Um8ClCUOUUlU ON. 


7°. | 2° 10° 15° 20° | 30° 45° 60° 
o 1-3-3 - 2 —I ° PS ° 
5 (on an ©) o 0 oOo; oO 
+2+ 2+ 2/+1 +1 +1/+r O O| O 
5 4 3) 3 2 I] © +3 +1] © 
+7+5 + 4/+4 +3 +2/+2 +1 +1] 0 
9 7 6! 5§ 3 3] 2 I I{ o 
II 8 7|\ 5 4 3/ 3 2 &rl+er 
12 9 8} 6 5 4| 3 2 I] 1 
+14 +10 + 9/+7 +5 +4/+3 +2 +1/ 42 
15 12 9} 8 6 4]| 4 2 2] 1 
16 12 10} 8 6 5| 4 2 2] 1 
17 13 10} 9 6 5| 4 3 2] 1 


~ 


0900000000060, 


55 
The above adjustment is to be applied to observed altitude when 
using A.P. 1618 (H.O. 218) ; except for low heights, it is additive. 
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APPENDIX E: AIR ALMANAC EXTRACTS 


CORRECTIONS TO BE APPLIED TO OBSERVED ALTITUDE 


REFRACTION 
To be subtracted from observed altitude. 


Height above sea level in units of 1,000 ft. 


1s 20 25 | 30 R=R,xf 





*l0-9 2-0 3-2 1°23 





‘ e ° e 
2 es 
, 93 59 SS | 5k 46 45 | 36 31 26 (200 370 TF Ul kg a 
2 33) 290 26 faz tg te 9 7 6 4 la. ae Sak. 

2x 19 16 | 14 112 ~~ «10 8 7 5 4 a4 240 
3 46 %4 0612 10 8 7 6 5 310) 220 130 040 Si eS 
- 12 11 9 8 7 5 400 310 210} 130 039 +005 ela 2 H 
; 10 9 7 §50 450 350| 310 220 130; O49 +O01II —OI19 ; ; : : 7 
: 810 650 §50| 450 400 300] 220 150 r10/| 024 -o11 —038 7167 8 8 
: 650 §50 500! 400 310 230; 150 120 038/ +004 —028 —0 54 8! 7 8 910 
: 600 510 410) 320 240 200/ 130 100 o19| -013 —042 —108 9| 8 9 10 13 

to 320 430 340) 250 210 140) 110 035 +0 03 | -027 —053 —118 10| 9 10 11 12 
ya 4:30 «340° 250) (220 £40 (310) 037 TOIT —O16/—043 “108 —P3r |. es 13 14 

a 330 250 210) 13140 I10 034] +009 —014 —037|—-I00 —123 —1 44 14/13 14 15 17 
16 2750 210 440) 110 037 +010] -013 -034 —053| -114 -135 -156 J 14 16 18 19 
1g 2722 «-T40 120) 043 +015 —008| —031 —052 —108| —127 ~146 —205 12] 6 1s 2, ag 
9 «150 «20-049 +023 —002 —026| -046 —106 —122|—139 -157 —214 20/18 20 22 2% 
ag 112 044 +0 19 | —006 —0 28 —048 | —109 —127 —1 42; -1 58 —214 —2 30 25|22 25 28 30 
. © 34 +010: —013| —0 36 —055 —114|—132 —I1 51 —206| —221 —2°34 -249 30127 30 33 36 
ge, ee OO CBT) O58 PERT ESS US! eT 828 287 toh TOO acl ar ge 38) 42 
go 7078 -037 —058| —116 —134 —1 49/ —206 —222 —2 35 | -249 —303 —3 16 16] 36 40 44 48 
‘é —0 53 —114| —-1 31 —147 —203| —218 —233 —247| -259 —313 —3 25 45|4° 45 50 54 
i —1 10 —128| -144 —159 —215| —228 —243 —256| —308 —322 —333 50| 45 50 55 60 
es —1 40| —1 53 —209 —224| —238 —252 —304| -317 -—329 —3 41 55|49 55 60 66 
= —203 —218 —233|—-246 —30!1 —312| -325 —337 —3 48 60| 54 60 66 72 

—253 —397 -—319/ -33!1 —342 —353 
fo 2 Be NS 3 Sg ee 
| Temperature in degrees Centigrade When R. is 

0-9 +47 +36 +27) +18 +10 +3/ -5 —I3 . 0-9 pgt ae oe 
IO Med ree ee es a Semel) eee oe ri ee cecal 1-0 - dagen 
ice +5 -§ -I5| -25 -36 -46/ -57 —68 ianlecescary- take jai no aly aad 
-16 -25 —36 —46 —58 -71| —83 —-95 and use R=R, _ and use 

-37  -45 —56| -67 -81 —95 a 


Choose the column appropriate to height, in units of 1,000 ft., and find the range of altitude in which the observed 
altitude lies; the corresponding value of R, is the refraction, to be subtracted from observed altitude, unless 
conditions are extreme. In that case find f from the lower table, with critical argument temperature. Use the 
table on the right to form the refraction, R=R,~x f. 


CORIOLIS (Z) CORRECTION 
To be applied by moving the position line a distance Z to starboard (right) of the track in northern latitudes 
and to port (left) in southern latitudes. 














TAS: Latitude | TAS. Latitude 

KNOTS 0° 10° | 20° 30° | 40° 50° | 60° 70° | 80° go° | Ors 0° 10° | 20° 30° | 40° 50° | 60° 70° | 80° 90° 
io | o 1] t 2] 3 3] 3 4| 4 4! 450 | © 2] 4 6] 8 9/10 ar] 12 22 
200 | © 1] 2 3/ 3 4] 5 5] 5 5|| S00 | © 2) 4 7] 8 IO} Ir 12] 33 13 
250 o ! 2 31 4 5] © 6; 6 7 | 550 o 3 5 7| 9 18 | 12 14 | 14 14 
goo o r/ 3 4] 5 ©| 7 7| 8 8 | 600 © 3/ 5 8|10 12] 14 15 | 16 16 
350 o 2| 3 51/6 7} 8 9| 9 9] 650 o 3| 6© 9) Ir 13] 15 16] 17 17 
400 © 2} 4 5| 7 8]| 9 10; 10 Lo | 700 © 3/ 6 9g] 12 14| 16 17 | 18 18 
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TABLE I—A.—Correction for Motion of Observer for 4 Minutes of Time 


Azimuth Ground speed in knots Azimuth 
relative relative 
to course |--—_—_____ ______ _ ______________ ___ | to course 
Zn-Cus 210 240 270 360 390 450 Zn-Cus 
000 424’ = 426! + 30’ 360 
005 + 30 355 

010 + 30 
015 +29 
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TABLE I-B.—Interpolation Within 4-Minute Interval 


Interval Value from Table I-A Interval 
ermal 1011 1213 14 15 16171819 2021 22 23 24 25 26 27 28 29 30 | me 








234567 8 9 0 

0000 00000 0011 1 417 171 71171 9477 7 7 4 ~+«79 4°77 «9 °79°71 0-108 

20 0000 0114141 471141 114 9174 2 22222« 2222 2 «3 20 
30 00011111 1°#431222«22222«33333« «33233 4 4 30 
40 oot 41119132 22222 33333 «3°3444~ «4445 5 § 40 
50 00111414122 2233333444 «445 5 5 5 5 6 6 6 6 50 

1 00 0111 142222 33334 «4-445 5 555 6666777 8 1 00 
10 0111 22223 33444 4555 6 66677 «7 8 8 8 8 9 10 
20 0111 22233 34445 55666 777 8 8 8 9 9 910 10 20 
30 0112 22333 445 55 66677 88 8 9 9 910101011 11 30 
40 0112 23334 45 5 56 6777 8 8 9 91010 10 11 11 12 12 13 40 
50 011223344 55666 778 8 Y 9101011 11 11:12 12 13 13 14 50 
2 00 0122 33445 § 6667 7 8 8 9 9 10 10 11 1212 12 13 13 14 14 15 2 00 
10 1122 33445 5 67 7 8 8 8 91010 11:11:12 12 13 14 14 15 15 16 16 10 
20 1122 3445 5 667 8 8 9 91010 11 12 12 13 13 14 15 15 16 16 17 17 20 
30 1123 3445 6 67 8 8 9 9101111 12 12 13 14 1415 16 16 17 $7 18 19 30 
40 1123 345 56 77 8 9 9 10 11 11:12 13 13 14 15 15 16 17 17 18 19 19 20 40 
30 1123 445 66 7 8 9 910 11:11:12 13 13 14:15 16 1617 18 18 19 20 20 21 50 

3 00 1223 45 567 8 8 91011 111213 1414 15 16 161718 19 19 20 21 22 22 3 00 
10 1223 45 66 7 8 9101011 12 13 13 1415 16 17 17 18 19 20 21 21 22 23 24 10 
20 123 3 45 6 7 8 8 9101112 13 13 1415 16 17 17 18 19 20 21 22 22 23 24 25 20 
30 123 4 45 6 7 8 91011 1112 13 1415 1617 17 18 19 20 21 22 23 24 24 25 26 20 
40 12 3 4 5 6 6 7 8 91011 1213 14 15 161617 18 19 20 21 22 23 24 25 26 27 27 40 
50 123 4 5 6 7 8 9 1011 12 12 13 1415 1617 18 19 20 21 22 23 24 25 26 27 28 29 50 











he 2 . . sLOP is ADVANCED, Signs are AS GIVEN, 
If correction is applied to Observed Altitude anda rop is RETIRED, Signs are REVERSED. . 


lf correction ts applied to Computed Altitude and{ fos : Seine ee Cen 


For speeds greater than 450 knots, enter the table with half the speed, and multiply the correction by two. 
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TABLE IV.—Precession and Nutation Correction to Fix 
North Latitudes South Latitudes 





es N89° N80° N70° N6O° NSO® N40° N20° 0° ~~ s§20° s4oe ss50° seo? s70e? ssoe sage | LHA 





1954 
NO CORRECTION FOR 1954 


1955 
0;0 —- 0 —- 0 — 0 — 1060 1060 1070 1070 1060 1000 0 — O— O—- 0 — O — 0 
30 ;0 — 0 — O — 1060 1070 1070 1070 1070 1070 1060 0 — 0 — 0 — 0 — 0 —| 30 
60 |0 — O — 1070 1080 1080 1080 1080 1 080 1080 0 — 0 — O0— 0 — 0 — 0 —/ 6 
909 |0 — O — 1090 1090 1090 1090 1090 1 090 10900 0 — O—- O—- O— O — 0 —|] W 
1200 |O0 — O — O — 1110 1100 1100 1100 1 100 1110 0 — O— 0 — 0 — Q— 0 —} 120 
150 |}0 — O — O — 1120 1120 1110 .1110 1110 1110 0 — O— O— O — O — O —| 150 
180 |O — O— 0 — 0 — O — 1120 1120 1110 1110 1120 1120 0 — 0 — O — O —}| 180 
210 ;O — 0 — 0 — 0 — O — 1120 1110 1110 1110 1110 1110 1120 0 — 0 — O — | 210 
2400 |;O — O—- 0 — 0 — 0 — O — 1100 1 100 1100 1100 1100 1100 1110 0 — O — | 240 
270 |O — O—- O— O — 0 — O — 1090 1 090 1090 1060 100 109 1000 0 — O —/} 270 
300 |}0O — O—- 0 — 0 — 0 — O — 1070 1 C80 1080 1080 1080 1070 0 — 0 — Q — | 300 
330 |O — O—- 0 — 90 — 0 — YO — 1070 1070 1070 1070 1060 1060 0 — 0 — O — | 330 
300 |O — 0 — 0 — 0 — 1060 1060 1070 1 070 1060 1060 0 — 0 — 0 — 0 — O — | 360 
1956 

0 ; 1000 1030 1040 1050 1050 1060 1070 2 070 1060 1060 1060 1059 1040 1020 100 0 
30 | 1030 1050 1060 1060 1070 1070 20/70 107 1070 1060 1050 1040 1020 1350 1330] 30 
60 | 1060 1070 1080 1080 1080 1080 2080 1 080 1089 1070 1060 0— = — 1300] 60 
90 | 1090 1090 1090 1090 1090 1090 2090 1 090 1090 10°90 O0-- O— O— O— 1270; W 
120 | 1120 1110 1110 1110 1100 1100 2100 1 100 1110 1110 1120 O— == — 1 240 | 120 
150 | 1150 1130 1130 1120 1120 1110 2110 2110 1110 1120 1130 1140 1160 1180 1210] 150 
180 | 1180 1160 1140 1130 1120 1120 1120 2110 1110 1120 1120 1130 1140 1150 1180 | 180 
210 | 1210 1190 1160 1140 1130 1120 1110 1110 2110 1110 1110 1120 1120 1130 1150 } 210 
240 | 1240 O— O— O— 1120 1110 1100 1 100 2100 1100 1100 1100 1100 1110 1120 | 240 
270 |1270 O— O— O— O-— 1090 1090 1 090 2090 1090 1090 1090 1090 1090 1090 | 270 
300 ;} 1300 O— O— O— 1060 1070 1070 1 080 2080 1080 1080 1070 1070 1070 1060 | 300 
330 | 1330 1000 1020 1040 1050 1060 1070 2 070 2070 1070 1060 1060 1050 1050 1030 | 330 
360 | 1000 1030 1040 1050 1060 1060 1070 2 070 1060 1060 10660 1050 1040 1020 1000 | 360 


1957 


O | 1010 1030 1040 1050 2060 2060 2070 2 070 2 060 
30 | 1040 1050 1060 2060 2070 2070 2070 2070. 2070 
60 | 1070 1070 2080 2080 2080 2080 2080 2 080 2 080 
90 |} 1100 1100 2090 2090 2090 2090 2090 2 090 2 

120 | 1130 1120 2110 2110 2110 2110 2110 2 100 2110 

150 | 1160 1130 1130 2120 2120 2110 2110 2 110 2110 

2 
2 


3 
° 
3 
2 
io) 
2 
oO 


1020 1 350 0 
1050 1040 1020 1350 1320); 30 
1310 1290} 60 
11009 O— O— 1260 1260; 9% 
1120 1140 1180 1210 1 230 | 120 
1140 1160 1180 1200 | 150 


1130 1140 1150 1170 | 180 


Pane eyo 
SSS 

—_ 

© 

3 

Oo 

| 

Oo 

| 


NO RO 
oo 
_ 
w 
(oe) 


180 | 1190 1160 1140 1130 2120 2120 2120 2110 


mts 

—_— 

oO 

NNMNNDYN NO Nast eh 

— 
hRO 
Oo 
Ld 
—_h 
NO 
© 


210 | 1220 1190 1160 1140 1130 1120 2110 2110 110 2110 2120 1120 1130 1140 | 210 
240 | 1250 1230 O— O— 1120 1110 2100 2 100 2 100 100 2100 2100 2100 1110 1110; 240 
270 | 1260 1280 O— O— 1080 1080 2090 2 090 2090 2090 2090 2090 2090 1080 1080 | 270 
300 | 1310 1330 1000 1040 1060 1060 2070 2 080 2080 2080 2070 2070 2070 1060 1050 | 300 
330 | 1340 1000 1020 1040 1050 2060 2070 2 070 2070 2070 2060 2060 1050 1050 1020 | 330 
360 | 1010 1030 1040 1050 2060 2000 2070 2 070 2060 2060 2060 1050 1040 1020 1 350 |} 360 


In the table for the current year find the column nearest to the latitude and the line 
nearest to the LHAT at the time of the fix. The first figure is the number of nautical 
miles the fix is to be moved, and the other three figures are the direction. Example: In 
1956 a fix is obtained at latitude 53° N and LHAT 71°. Move the fix 1 mile in the 
direction 080°. Use this table only for star sights worked with this volume; it does not 
apply to volumes II and III of this series, nor to other methods of sight reduction. 
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snort ply SAME NAME AS LATITUDE 


73 21 +58 
7304 57 
17245 $6 
7223 $5 
7158 5a 


71 32 +52 
‘7103 82 
7033 50 
‘7000 49 
6926 48 


Pe ed eel ord ened onrd ord 
APWNHHMO OOF LUWNMPHMOS 


6659 41 
6616440 


61 57 +37 

6111 #37 

6025 3 

5939 3% 

5852 3 2. 

5716 3a i 6129 21 
5628 33 Pa 

5540 x 

‘5451 32 


(5402431 
5312 31 
5223 »w 
5133 30 
5043 30 


‘4953429 
4902 30 





BE eTINATION ‘SAME NAME AS LATITUDE 





691-651 °—63———-44 


676 


seeseans Zn=Z 
ee {LHA greater than hen 180° iaepeaucte Zn2360—Z 


Lid is 
BHA Hc _¢_ 2 VHe —d ZT He dt 






















84/1203 2 


85] 1112+2 
a 

28 
08 39 29 
0748 29 


0657 +29 
0606 30 
0516 29 
0425 30 
0334 30 


02 44 +30 
0154 30 
0104 30 
0014 33 
036 3» 


05 32 -32 


‘0621 33 
0710 3 
0758 33 
0847 x 
70} 0935 —34 


112 {1 09 01 -36 


APPENDIX F: H.0O. 249 EXTRACTS (VOL. II) 


DECLINATION ‘SAME NAME AS LATITUDE 


11 16+28 
1027 29 
0939 2 
0850 29 
0802 2 


07 14 +30 
0626 30 
0538 30 
0451 30 
0403 >: 


03 16+31 
0229 31 
0142 3 
0055 32 
0009 x 





oe 
e5, 


e . 
cheese 


026 51 
00 23 -31 


0112 31: 
0201 x» 
0250 32 
0339 33 
04 27 -32 


0516 33 
0604 3 
0652 3» 
0739 33 
113) 08 27-34 





= 106 10-35 
LHA greater than 180°.......2Zn=180—Z 
S. Lat. {CHA less than 180°... Zn= 18042 


LAT 
DECLINATION CONTRARY NAME TO LATITUDE 


LAT 30° 
ea: aE etree rae re oe 


05 35-36 118/050] -35 119] 04 26-35 
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DECLINATION CONTRARY NAME TO LATITUDE 
N. Lot. {bi greater ier a aa +» Zoe? LAT 30 


1333 -% 


1419 35 
1506 % 
1553 nv 
1639 37 
17 25-38 


1810 37 
1856 36 
1941 30 


5612025 3 


OMNWDA UG WHOS 


2110-39 


2154 40 
2238 40 
2321 40 
2404 40 
24 47 -4) 


2529 41 
2611 42 
2653 43 
2734 43 
2815-4 


2855 
2935 
3014 45 
3053 45 
31 31 ~46 


3209 
3246 47 
3323 47 
3359 4 
34 34 -a8 


3509 «a9 
3543 «9 
3617 50 
3649 so 
37 21 -50 


2731 -43 


2811 46 
2851 45 
2929 45 
3008 46 
3045-45 


3123 47 
3159 «4 
3236 48 
3311 «a 
33 46-4 


3420 48 
3454 «a9 
3527 $0 
3559 50 
36 31 -5) 


38 57-53 


3924 53 
3950 5 
4015 se 
4040 55 
41 03 -55 


4125 % 
4146 56 
4207 57 
4226 57 
42 44 -57 


4301 57 
4317 se 
4332 58 
4346 58 
43 59-59 


26 48 - 


2727 4a 
2806 45 
2844 45 
2922 45 
3000 -«% 


3036 46 
3113 47 
3148 47 
3223 48 
32 58 -49 


3332 49 
3405 50 
3437 50 
3509 so 
35 40-51 


3611 $2 
3640 52 
3709 s2 
3737 53 
38 04-53 


3831 54 


40 08 -se 


4029 55 
4050 s 
4110 % 
4129 57 
41 47 -57 


4204 sa 


4219 57 
4234 58 
4248 59 
43 00 -s9 


4311 59 
4322 60 
4331 60 
4338 59 
43 45 -60 





5 13216 -s2 
23 (3244 s2 


2307 -45 


2344 & 
2420 45 
2456 4% 
2532 67 
2607 -47 


28 53 -49 
2925 50 


31 24 -s2 
3152 s2 


38 06 -59 


3816 59 
3825 59 
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The azimuth is reckoned from the north when in north latitude, from the south 
when in south latitude, toward the cast when body is rising or is cast of the merid- 
ian, toward the west when body is setting or is west of the meridian. In zero 


latitude the azimuth takes the name of the declination. 
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16232 
16219 
16205 
16192 
16179 
16166 
16152 
16139 
16126 
| 16113 
| 16099 
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51; 15941 
52 | 15928 
53 | 15915 
84 | 15902 
55 | 15888 
56 | 15875 
87 | 15862 
88 | 15849 
59 | 15836 
60 | 15823 


The azimuth is reckoned from the north 
when in south latitude, toward the east when bo st 
toward the west when body is setting or 1s west of the meridian. 
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14788 
14775 
14763 
14750 
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14726 
14713 
14701 
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14676 
14663 
14651 
14639 
14626 


14614 
14601 
14589 
14577 
14564 
14552 
14540 
14527 
14515 
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when in north latitude, from the south 
body is rising or is east of the merid- 
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{Fer argument H.A. on the left, True Azimuth = 360° — Tabulated Azimuth. 


For argument H.A. sce the right, True Azimuth = Tabulated Azimuth. 
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o correction for date is necessary until 1948. 
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REGULUS 


14 43 -8 
1351 8 
1300 8 
1209 8 
1117 8 


10 26 —-8 


For argument H.A. on the left, True Azimuth = 360° — Tabulated Azimuth. 
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8 
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oovuvvsos 686 8 OO CO 00 0O © CO 60 60 GO © 


44 19-10 
43 30 10 
42 41 
41 SI 
41 02 


40 12 
39 22 
38 32 
37 42 
36 52 
36 o1 
35 11 
34 21 
33 30 
32 40 


31 49 
30 58 
30 08 
29 17 
28 26 


27 35 
26 45 
25 54 
25 03 
2412 


23 21 
22 31 
21 40 
20 49 
19 §8 


19 08 
18 17 
17 26 
16 36 
15 45 


1455 
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13 14 
12 23 
II 33 


10 43 -9 
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o Oo veo Ss Oo 
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NORTH LatITUDEs 


44 03-10 
43 15 10 
42 26 10 
41 37 10 
40 48 10 


39 59-10 
39 10 10 
38 21 10 


3731 9 


36.42 9 


35 52 —-9 
3593 9 
3413 9 
33 23 9 
32 33 9 


31 43 -9 
3953 9 
30 03 9 
2913 9 
28 23 9 


27 33 -9 
2642 9 
2552 9 
2502 9 
2412 9 


23 21 -9 
2231 9 
2141 9 
2051 9 
2060 9 


19g 10 -9 


11820 9 


1730 9 
1640 9 
1550 9 
15 00 —9 
1410 9 
1320 9 
1230 9 
Ir4I 9 


10 §1 -9 
10 02 —9 


| 27 29 


43 46-10 


4259 10 
4211 10 


41 23 10 
40 34 10 


39 46-10 
38 58 10 
38 Og 10 
37 20 10 
36 32 10 


35 43-10 
34 54 
34 04 
33 15 
32 26 


31 37 
30 47 
29 58 
29 08 
28 19 
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26 39 
25 50 
25 00 
24 11 


23 21 
22 31 
21 42 
20 52 
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19 13 
18 23 
17 34 
16 44 
15 55 
1§ 95 
14 16 
13 26 
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For argument H.A. on the right, True Azimuth = Tabulated Azimuth. 


No correction for date is necessary until 1944. 
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oot 
49 10-19 
49 99 19 
49 07 19 
49 04 19 
48 59 19 


48 53-19 
48 45 19 
48 37 19 
48 26 18 


48 15 18 


48 03-18 
4749 18 
47 34 18 
47 17 18 
47 00 18 


46 41-18 
46 21 18 
46 00 17 
45 38 17 
45 1§ 17 


44 51-17 
44 26 17 
44,00 17 
43 33 17 
43 05 16 


42 36-16 
42 06 16 
41 36 16 
4105 16 
40 32 16 


39 59-15 
39 26 15 
38 §2 15 
38 16 15 
37 41 15 


37 04-15 
36 27 15 
35 50 14 
35 12 14 
3433 14 


33 54-14 
33 14 14 
32 34 14 
31 53 13 
3112 13 


30 30-13 
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178 
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171 
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168 
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164 
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146 
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131 
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Alt. 


i°] @ t 
48 10-19 
48 09 19 
48 07 19 
48 04 19 
47.59 19 


47 53-19 
47 46 19 
47 38 19 
47 28 18 


4717 18 


47 04-18 
46 S51 18 
46 36 18 
46 20 18 


46 03:18 


45 45-18 
45 26 18 


45 06 18 
4444 17 
44 22 17 


43 58-17 


43 34 17 
43 08 17 


42 42 17. 


42.15 17 


41 46-16 
41 17 16 
40 48 16 
40 17 16 
39 45 16 


39 13-16 
38 40 15 
38 07 15 
37 32 15 
36 57 15 
36 22-15 
35 46 15 
35 09 15 
34 31 14 
33 53 14 


33 15-14 
32 36 14 


31 56 14° 


31 16 14 
30 36 14 


29 55-13 
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179 
177 
176 
174 


173 
17! 
170 
168 
167 


166 
164 
163 
161 
160 


159 
157 
156 
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47 10-19 
4709 19 
47.97 19 
4794 19 
46 59 19 


46 54-19 
46 47 19 
46 38 19 
46 29 18 
46 18 18 


46 06-18 
45 53 18 
4539 18 
45 24 18 
45 07 18 


44 49-18 
44 31 18 
4411 18 
43 50 17 
43 28 17 


43 05-17 
42 41 17 
42 16 17 
41 51 17 
41 24 17 


40 57-17 
40 28 16 
39 59 16 
39 29 16 
38 58 16 


38 27-16 
37 54 16 
37 22 15 
36 43 15 
30 14 15 


35 39-15 
35 93 15 
34 27 15 
33 §0 15 
33 13 14 


32 35-14 
31 57 14 
31 18° 14 
39 39 14 
29 59 14 


29 19-14 
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149 
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135 
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133 
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46 10-19 
46 09 19 
46 07 19 
46 04 19 
46 00 19 


45 54-19 
45 47 19 
45 39 19 
45 30 18 
45 20 18 


45 08-18 
4455 18 
44.42 18 
4427 18 
44.10 18 


43 53-18 
43 35 18 
43 16 18 
4255 18 
42 34 17 


42 12-17 
41 48 17 
41 24 17 
40 59 17 
40 33 17 


40 06-17 
39 39 16 
39 10 16 
38 41 16 
38 1r 16 


37 40-16 
37 08 16 


36 36 16 
36 03 15 
35 30 15 


34 55-15, 
34 20 15 
33 45 15 
33 09 15 
32 32 15 
31 55-14 
3118 14 
30 40 14 
30 OI 14 
29 22 14 


28 42-14 
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179 
177 
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170 
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162 
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144 
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14! 
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138 
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134 
133 


132 
131 
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129 
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o . lb 
45 10-19 
45.99 19 
45 07 19 
45 04 19 
45 00 19 


44 55-19 
4448 19 
44 40 19 
44 31 19 
4421 18 


44 10-18 
43 58 18 
43 44 18 
43 30 18 
43 14 18 


42 57-18 


42 39 18 
42 21 18 
4201 18 


41 40 17 
41 18-17 
4055 17 
40 32 17 
40 07 17 
39 42 17 


39 16-17 
38 49 17 
38 21 16 
37 52 16 
37 23.16 


36 53-16 
36 22 16 
35 50 16 
35 18 16 
3445 15 


34 12-15 
33 37 15 
33 93 15 
32 27 15 
31 52 15 


31 15-15 
30 38 15 
30 OL 14 
29 23 14 
28 44 14 


28 05-14 


For argument H.A. on the left, True Azimuth = 360° — Tabulated Azimuth. 
For argument H.A. on the right, True Azimuth = Tabulated Azimuth. 
No correction for date is necessary until 1944. 
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31 50-54 
31 26 54 
31 Or 53 
39 35 53 
3909 53 


29 42-52 
29 14 52 
28 45 51 
28 16 51 


27 46 50 
27 16-50 
26 45 50 
26 13 49 
25 40 48 
25 08 48 


24 34-47 
2400 47 
23 26 47 
22 50 46 
2215 46 


21 39-45 
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1§9 
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For argument H.A. on the left, 
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36 01-60 
36 01 60 
35 59 60 
35 57 60 
35 53 60 


35 48-59 
35 43 60 
35 36 59 
35 29 60 
35 20 59 


35 10-58 
35 00 59 
3448 58 
34 36 58 
34 23 58 
34 08-58 
33 53 57 
33 37 57 
33 20 57 
33 02 $7 


32 43-56 
32 23 55 
32 03 56 
31 42 55 
31 20 55 


30 §7-55 
30 33 54 
3008 53 
29 43 53 
29 17 52 


28 51-53 
28 23 52 
2755 51 
27 27 5S! 
26 57 50 


26 27-50 
25 57 50° 
25 26 50 
24 54 49 
2421 48 


23 49-48 
23 15 47 
22 41 47 
22 06 46 
21 31 46 


20 56-46 
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161 
160 
159 
158 
157 
156 
155 
154 
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151 
150 
149 
148 
147 
146 
146 
145 
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143 
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141 
141 
140 
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137 
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35 OI-—60 
35 oO: 60 
34 59 60 
34 57 60 
34 53 60 


34 49-60 
34 43 59 
34 37 60 
3429 59 
3421 59 


34 12-59 
34 0x 58 
33 50 58 
33 38 58 
33 25 58 


33 11-58 
32 56 58 
32 40 57 
32 23 «57 
32 06 57 


31 47-56 
31 28 56 
31 08 56 
30 47 55 
30 26 55 


30 03-54 
29 40 54 
29 16 54 
28 5x 53 
28 26 53 


28 00-53 
27 33 52 
2705 SI 
26 37 SI 
26 08 51 


25 39-51 
25 09 50 
24 38 49 
2407 49 
23 35 49 


23 03-49 
22 30 48 
21 56 47 
2I 22 47 
20 48 47 


20 13-46 
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17I 
170 
169 
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165 
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158 
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155 
154 


153 
152 


"151 


150 
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143 
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14! 
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ay eid 
34 01-60 
34 01 60 
33 59 60 
33 57 60 
33 53 59 


33 49-60 
33 44 60 
33 37 59 
33 30 59 
33 22 59 


33 13-59 
33 93 59 
32.52 59 
32 40 59 
32 27 58 


32 13-58 
31 59 58 
31 43 57 
31 27 57 
31 10 57 


30 52-57 
30 33 56 
30 13 56 
29 53 56 
29 32 56 


29 10-55 
28 47 55 
28 23 54 
2759 54 
27 34 53 
27 08-52 
26 42 52 
26 1§ 52 
25 47 5! 
25 19 SI 


24 50-5! 
2421 St 
23 51 50 
23 20 50 
22 49 50 


22 17-49 
21 44 48 
21 II -47 
20 38 47 
20 04 47 


19 30-47 


4155 
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151 
150 


149 
148 
147 
146 
145 


T44 
144 
143 
142 
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140 
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138 
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32 31 59 
32 23 59 


32 14-59 
32 04 59 
31 53 58. 
31 42 59 
31 29 58 


31 16-58 
3102 58 
30 46 57 
30 30 57 
30 14 57 


29 56-57 
29 37 56 
29 18 56 
28 58 56 
28 37 55 


28 16-55 
27 53 54 
27 30 54 
27 07 54 
26 42 53 


26 17-53. 
25 §I 53 
25 25 53 
2458 52 
24 30 52 


24 OI-5SI 
23 32 50 
23 03 5! 
22 33 50 
22 02 50 


21 31-50 


20 59 49 
20 26 48 


19 53 47 
19 20 47 


18 46-47 





180 
179 
178 
177 
176 


175 
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171 
170 
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168 
167 
166 
165 
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160 
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1§7 
156 
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151 
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148 
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146 
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143 
142 
141 
141 
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139 
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137 


137 


True Azimuth = 180° + Tabulated Azimuth.. 


For argument H.A. on the right, True Azimuth = 180° — Tabulated Azimuth. 
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1.—CORRECTION FOR DATE TO TABULATED ALTITUDE OF STARS 


I23 4 §| 6 7 8 9g 10 | Ir I2 13 14 15 | 16 17 18 9 0 Lo 
1941 0 0 8lhlU8DlCUCOO oo 8 hlU8lCOO oo 6UlcOUlCOWlCUO © 0°O0 8 90 1941 
1942 o 0 CUlmOlCUCODWlUlCO o.oCUmOWUlCUCOOWlCUOO oo 0 6 6 °9O I Fr ¥ 1 1 | I942 
1943 olUCOWwdC W:C CBC oo 6c8OlUCDWUCOD XI x x |: 1 rr YF ¥ If 1943 
1944 o.o8oCUOmUlCOOWlCOO oO oO 1: 4: 1 r & x If r © t I IF | 1944 
1945 oo (8 = 6OhlUCUOO oO ri IF 1 1 I xr x 1 Ff rr I 2 2 2 | 194§ 
1946 °o © © 0 Oo Irerdéii rrr 1 2 2 2 2 2 21 1946 
1947 0 0 00 |! x1 xr 2: 1 I rr 22 2 22 2 2 274 1947 
1948 0 00} | 1 rI4rstd 4s r 222 2 22 2 3 34 1948 
1949 oo €68OlhUMYTCUCOY tT ¥ FF «& @2 222 2 2 2 3 3 3 34 1949 
19§0 © 0©oi!1 |! Irs 2 2 222 2 2 3 3 3 3 31] 1950 
195% o o 1 1 1 Ir r 2 2 222 3 8 3 3 3 3 4] 951 
19§2 o o 1:1 1 I II 22 2 22 3 3 3 3 3 4 4 44 1952 
19953 | © © 1 1 ©] I 22 2 2/ 2 33 3 34 3 4 4 4 «4*+4 1953 
19954) 0 © rt tr rj] t 2 2 2 2f 3 33 3 4) 4 4 4 4 «5 '/| 1954 
19985] © © tr i I] 222 2 2] 3 3 3 44/4) 4 4 4 5 5 {| 1955 
1956 | © r 1 t I] 222 2 3/ 3 3 3 4 4/4) <4 «5 § 5 5 | 1956 
1987} © © © t tr} 222 3 3/ 3 3 44 «44 «5 § § § 6] 1987 
ws8 | o r tr 1 2} 222 3 3/ 3 44 4 4/ 5 5§ § 6 6] 1958 
1959} © r t t 2/ 2 2 33 3) 3 44 «4 5! 5 5 6 & 6 | 1959 
190] © 1 rt 1 2/22 3 3 3/1 44 4 «5 5|{ 5 6 6 6 7 | 1960 





XV.—CORRECTION TO TABULATED ALTITUDE FOR MINUTES OF DECLINATION 


























d 
= 31 32 33 | 34 35 36137 38 39 | 40 41 421 43 44 45 | 46 47 48 | 49 So 51 | 52 53 54) 55 56 57| 58 59 60 
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